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PREF  AZIONE 


Qiu-j-to  voliiiiu'  tontii'iic  !(■  nteiiioii**  prison  tali*  ul  1"  C'onvcf^no 
Inti-niazioiiiilr  ilcl  Moviun'iito  fiiori  straila  iiiaainirato  a  Torino  il 
!2  .uiiiicno  lIHil,  piost'^ruiti)  a  Saint  ViinM  iit  ilnl  Ki  al  la  i*  (•imclusosi 
tuiovaiiifiiti'  a  'I'oriiio  il  1(>.  Si.iio  ixilililicati  aiu-lio  intiT\i*nli 
iH'lli'  ilisi-ns>ii)ni,  aliuni  tlci  ([uali  as^utnonn  riniportair/.a  ili  roiiuint- 
c.i/.ioiii  nrii^inali. 

11  tciiia  del  (■oa.irri‘--^so,  pin  o  rliiaramnite  I'.-^pri'ssi*  nol 

ciiiirisn  titiilo  italiaiio  atl  rilniit«»"li,  riiniaiilava  piiniipalimnli*  il 
I'oiiipoiiaiiK'iild  Mii  tiTifui  i»iii  svariati  tlti*  i  vi'icoli  pnssonu  iiu-ontiare 
m*l  iimv  iiiicnti*  l  iuii  i  dalle  pisti*  pieparate  p<*r  i*ssi.  e.  vieeversa.  la 
jMupD.sta  di  iiie/,/,i  pill  ailatti  per  tali*  iiinvitiicnto. 

Ii’iuiiittitair/,a  del  leiiia  rivr>le  vviilentennnte  vari  seltnri.  da 
(jnello  inilitave,  a  (piello  aiciienln  rd  a  «|UeIlo  eantierij'tieo  per  le  opert* 
''stni/iniie  di  nunse  strade  <i  di.iclu*.  e  per  le  rieerci)e  di  i<lr()earl)Un. 
i-a  materia  tratlata  ^i  e  p<ti  e>te.<a  iiatnraluiente  ad  altri  prahlemi 
della  eoppla  Veie()l<t-.<llolo.  ~ 

Durante  i  laveri  iii  .•^um  pure  avute  proie/iimi  di  lilui  doeumetdasri 
p  ipialelie  diluent ra/.inue  prr.tiea  r^til  terrene. 

It  eiiiiveeiio  e  .'ilata  ei'taniv./ale  dal  I’lditecnieo  di  'rorine,  elio 
lie  aveva  rieeNuto  la  prepn.'ta  dal  Seivi/.in  'r>'eniei»  dell’lspeltorato 
"enerale  della  uu'teri//.a/.ii)ne  mililaie  italiaiia,  e  .<i)ttit  il  patreeinio 
ileir«  r.S.  ,\nu\  !/uid  l.eeumol iiiu  l\e.<e.\reh  Lalinraiory  (( ).'r,  .\  A’.) 

T1  T’nliteeuict)  lia  uua  lunym  lradi/.i'»iie  iie^ii  iii.:e,euaiueidi  rdativi 
ai  \'eieidi  a  iiiotoi'e,  ]ioielie  da  d!)  uiini  t'uir/.iuna  in  esso  nil  eureo 
appesito  piir^t  lauieam,  denniui'iaiit  dappriina  « I'nr.-^n  .11  perteziniia- 
liientii  iielle  eo.-;!  i  u/.ii'ui  aaimiudiildti'die  ■»  e  pi>i  .teuno  di  speeiaiiz- 
y.a/ione  nella  meti,riv./,a;'.ieiie  s'intende,  <lei  vi'ieeii. 

In  ipiesto  ei)i>'i,  la  eui  liinda/.imie  e  ^tata  ]>atriieiuala  dal  cnin- 
jiiaido  del'..  .\n,i:ele,  ruanani  e  la  ilin'/.i<>ne  si'inpre  teiiuta  dal 
l'e.<.'ni-  (iiu,-ep))e  I’nlluiie.  lianiio  iii.'i’.aaatn.  nitre  a  dneeati  del  I'nli- 
t'‘riii<  ■,  i  teeiiiei  italiani  pii;  er-p.i-rti  imi  di’-'er.'i  rami  impei;aali  dal 
veieolo  mntnri/./atn  :  rienidn  tra  i  eivili  •jli  iniU'.ine.-ri  daiiden/in  r>im<>, 
<M  a  amiuinist  I  alni'e  d."le';atn  e  dir'dture  .ai'Mierale  della  I'M.^'r;  .Xiitimm 
l‘'essia,  era  diiettnic  teenien  della  l.amia;  e  Dant-e  dlaensa.  diiettnia* 


-  XIV  — 


priii(*ij>nl'.'  ili'lla  Divi.'ijom*  Autov<*icoli  KIAT;  fra  i  milifari,  il  (7en. 
Auiionc,  cadiito  in  jnu*rra.  il  (Jon.  t’arrora  v  il  (jfn.  (iarliari,  die 
del  C’oiuifato  (inliiuitorc  <li  (|u«‘sto  c(>iivc>;?no  ha  am.'ttato  rattivaiuento 
la  i)n*si(lc‘ir/.a. 

.  11  carso  (Id  Pnlitccnicd  si  o  pai  sviluppato  sccoiulo  i  cn'sceiiti 
hiso^ni  (Idriiidiistria  cd  e  attiialiucnte  articolatn  :n  tic  si-zioni  nvolte 
rislKdtivaiiicntc  a;;li  aitt«>iiu-r/.i  milifari.  a  (pidli  stradali  cd  a  r|uelii 
ddra^jncoltura.  Da  i|iii‘st*ann(>  !•(».  la  s|Mriali'//,azion('  iiiotoristica  e 
o(T(Mta  aiidu'  pic-laiiica  aijli  allicvi  in^c.micri  iiieccanici, 

I'n  ccnim  airli  (ir<;ani  die  haiiiio  picparato  il  t-onvcpn*.  Di  l>io- 
mudvi'ic  la  piCM  TifazituK*  di  nicinoric  e  vairlianu*  il  iiicrito,  soiio  stati 
incaiicati  nci  siii^tdi  I'acsi,  sc;riclari  naxioiiali  die  si'  mi-ritano  tiitta 
la  nostra  riconosci-n/a.  I'n  riiiirrazianiciito  parfit-olaic  sja-ffa  al  Pro¬ 
fessor  M.  (3.  I»ckU(‘r  di(‘  lia  iiicsso  a  nostra  disposiziom*  Palta  sna 
compctcnza  spiu  ilica  siill’ariroiiiciito  del  coiivo/^iio. 

Per  I’ori'anizzir  ioiic,  dir<»  cosl.  iiiorah*,  c  stato  costituito  un 
('omitato  oi\i;aiii//.atoic  nazionalc.  prosiiHltito  conn*  ^^ia  si  <*  (lotto, 
dal  Ten.  (!(-n.  S. '1’.  c  M..  l•^•rrlu•<*io  (iarhari  c  coiiiposto  dd  Profossori 
A.  ('astnixiia,  P.  lMinai(»li,  1).  (Jiacosa.  (J.  Pidlono,  O.  Scsini,  1^.  d’oc- 
•.  liotti  (•  (Id  'I’ca.  Col.  S.  T.  e  .\l.  PalTaidi*  'I’ajani,  (pialc  Scjirctario 
KoiK'ralo. 

Dcirco ;'aiiizza/,ionc  Iccnica  cd  ainininistraliva  in  loro  si  (•  occupata 
una  tiiiiiita  (‘Scciilix c  conijxista  dd  l^•^tor^•  did  Politccniro  di  Torino, 
I’rosidciito.  did  Prof.  C.  Pollonc.  dei;!i  ln;:i‘.Lrni‘ri  C.  di  San  (Joiinano 
(•  Franco  Toraz/i,  o  did  Dolt.  1*'.  Scalzotto,  Soirrctario  csociitivo. 

tiiKi  i  suoi  collalioratori  iiidla  non  lii've  fatica,  il  Politi'cnico 
e.spriino  vivi  rin;:raziamcnli.  Pssi  si  (‘sli'inlono  a.cii  Fnti  jailihlici  c* 
privati  chi'  liainm  contrilmito  alia  riuscita  did! 'inpiortanlc  nianifcsta- 
zionc  tccnico-cuUnralc.  al  Consio:lio  Nazionalc  ddic  Kiccndic  die  lia 
eoiiti  ilniifo  al  rmanziaaicnto  per  la  pnldilicazioiie  de^^li  «  Atti  »  (*d  alia 
Casa  I'lditiice  Minerva  Teciiiea  ida*  si'  nV*  assnnta  riiiearico,  aspol- 
veiidolo  (lei;iiaiiiente. 

Tiiriiii',  l.iiylid  liKil. 


.WTDXIO  (  Al'KTTI 

RrlldO'  ilrt  (M’diiip  'll  Torino 


PREFACE 


nils  buuk  fniitaiiis  all  paiwrs  jin-sriilf*!  at  tlic  1'  liitfi  national 
t'onl‘»*r4‘iir4*  ini  tin*  Mtn-liani*-?:  of  Soil  V'l-liicU-  Systnins  inaiijirm ati-d 
in  Turin  on  Jiua*  I-'"  IJHil  oarritul  on  at  Saiiil  Vincfiit  from  tin*  13'" 
tinongli  tlu*  la'"  and  (-oiicht(li'«l  in  Turin  again  on  .Juno  Hi'".  Tho 
•lisi'ussions,  soino  *tf  wliioli  roa<li  tin-  iinpoi  tain-o  of  ical  papoi.^,  are 
also  inoliulotl. 

Tho  tinuno  of  tho  o«»nrorom-o  was  mainly  tin-  holiavionr  on  the 
most  variod  ti-nain  that  vi*hifh*s  <•011  nu'i't.  in  olT  tho  road  locomotion 
ami  vicovjTsa  tin*  jiro|n»sal  of  snitahlo  dovioos  for  such  locomotion. 

Tho  iiuportanco  of  tlii.s  tlioiuo  spn-ad  «iv(*r  dilToiciit  hranchos  from 
till*  anny,  to  agricitlturo.  to  road  and  diht*  hnilding  activities  as  well 
as  to  jjotridouni  rosoarch. 

Tho  sulijocts  dealt  with  spread  over  other  soil  and  vehicle 
prolilonis. 

Oiiring  the  conference  dncninenlaiy  films  were  shown  as  well 
as  practical  airplane  and  tracked  vehicle  demonstrations. 

Tho  conrereiico  has  lioon  organizod  hy  the  «  i’olitecnico  >  of 
Turin  on  proposal  from  tho  «  Sorvizio  'recnico  ded'l spettorato  geno- 
rah*  della  iiiotorizzaziono  militare  it,’liana»,  and  under  tho  sponsor¬ 
ship  of  «  I’.S.  Armv  I, and  I.ocoiiiotion  Hesearch  J.ahoiatorv  (O.T. 
A.C.) ' 

Tho  «  I’olitecnico  »  has  a  long  tradition  in  Che  teaching  of  moto 
rization,  through  3d  years’  experience  in  special  »  post-lauream  » 
lectures  called  at  lirst  «  course  of  sjiecialization  in  motor  cars  cons¬ 
truction*  and  later  «  conr.so  of  specializotion  in  motorization*. 

Tliis  €  Course  »  of  tho  I’olitecnii-o  has  heen  developed  according 
to  tho  growing  needs  of  industry  and  it  now  consists  of  tluto  sections: 
military,  road  and  agricultural  vehicles.  Since  this  year  the  siiecia- 
lization  is  olTered  also  hofore  the  degrei*  to  students  of  mechanical 
engineering. 

To  this  «  Course »,  whoso  foundation  was  spoiisoreii  1>\  (len. 
Angelo  I’uguani  and  whoso  direction  was  always  held  hy  I’rof,  (!iu- 
.seppe  I’ollono,  wore  appoinli-d,  hesides  the  profes>ors  of  the  I’oli- 
tecuico,  some  of  the  Italian  toolmieiaiis  more  expert  in  the  various 
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liranvlii'ti  of  voUiclv  inotarization.  .\ii»on;r  tlip  Civil  onpini'ors  I 
reim*inl)i*r  In>?.  (inudiMi/io  liono,  now  Mami'^ing  Director  and  General 
Mana^^er  of  FlA'l’,  In^-  Antonio  1‘Vssia,  now  teclinical  manaKor  of 
(>aiK*ia  and  In^.  Dante  Giaeosn  eliier  manager  of  «  Divisione  Auto- 
veieoli  KIAT»;  ami  among  the  Military  engineers;  Gen.  Ainlone, 
(Jen.  Cairera,  ami  (Jen.  iJarhari  that  has  accepted  the  chairmanship 
of  the  organizing  Committee  of  this  conft'rence. 

We  would  like  to  menti<m  here  all  those  who  liav«*  contrilmted 
to  the  pr(‘|iaration  of  the  etniferem-e.  .\ll  our  appreciation  is  desei  v«‘d 
hy  the  National  Secretarie>  of  the  dilTerent  Coiiniries  who  have 
promoted  the  inesentation  of  papers  and  selecteil  them.  I’articular 
thanks  ate  due  to  Prof.  M.  (J.  Ihhker  whose  high  si)ecial  caitaeity 
eoiieerniiig  tlie  sohjerl  has  been  at  the  <lis))(>s;d  of  tin*  conference. 

For  the  so  to  say  moral  oigani/atinn  a  National  Organizing 
CotnmitJt'e  was  formed,  whose  chairman  as  afore  mentioned  was 
Ten.  Gen.  S. 'I',  e  M.  Ferrnecio  (Jarhari.  Mend'ers  were  Prof.  A.  Ca- 
stagna,  Prof.  F..  Funaioli,  Prof.  1).  (Jiacosa,  Prof.  (I.  Pollone,  Prof. 
((.  Sesini,  Prof.  P.  Tocchetti  ami  'J'en.  Col.  .S. '1'.  e  M,  llatfacle  Ta.jani, 
as  (Jeiteral  Secretary. 

The  technical  ami  managitig  organization  on  tin*  spot  has  hcen 
carried  on  hy  a  (Jeneral  .\rrangoniont  Conimittet'  fonnod  hy  the 
«  Uettore  »  ( Pi  esideiit)  of  the  Politecnico,  chairman,  hy  Prof.  G.  Pol- 
loin*,  Ing.  C.  di  San  (Jennano  and  Ing.  Franco  'roiazzi,  and  Doct. 
F.  Seai'/.(ttto,  e.Necutivc*  secrctaiy. 

'Plu'  «  Piditecnico »  wish  to  express  their  hearty  thanks  to  all 
the  <-ollal>()rators  in  such  not  too  easy  organizing  efft>i  t.  Many  thanks 
are  tiue  to  the  private  ajid  public  comjiaiiies  that  lun’e  contril)utod 
to  the  success  of  the  important  tecimieal  and  cultural  realization, 
to  the  «Consiglio  Nazioiiale  d*'lle  l{i<  erclii' »  that  have  cuiitrihiited  to 
liiiance  tin'  |)nhlieation  of  the  Confei-eiice  Proceedings  and  to  the 
«  C'a.'^a  JOdilrice  Minerva  Tcciiiin»  that  ■worlliilv  umlerluuU  it. 


Turin,  .tulv  lOtil. 


ANTONIO  CAPHTTl 

Uotloro  Politcvn'H'o  'U  'rorino 
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INTRODUZIONE 


KrccUnizc,  jiontiU  Sifiiinrr,  ihiaiisxhiii  Profc.ssori.  tiigitofi  Coit- 
ffre^sisti , 

L(i  niotnrlzziizlniir  iiitcsa  qitali"  ansi  if  iiziatit'  iulcf/ralc  del  Iraina 
OHtnuilf  sullc  shatle  si  P  ornuii  iinpnsltt  dn  qiuilche  drcnniio  c  iucon- 
iroslalii  (•()iili)iu<i  il  sun  srilupi)!)  nrl  rnhiiut  del  Iritspoilo  delle  ptr~ 
soiie  )■  delle  cose  sit  iiunlsitisi  shiseiii  di  terreun  piii  it  menu  adallata 
o  prcixiniht  che,  per  ennsistenKt,  tieelltiiiieiitn  delhi  siiprrficil'  e  ruf/f/in 
di  l  otln  ^  I'esenli  le  airnUeristiehe  iniuiine  iiidispi  iisabili  per  il  pas- 
sapfjio  sieiiro  di  iin  reicidn. 

Quest  (I  e  la  ninlori:z(i:ioue  iiel  sifiiii/icalo  cnnntiie  della  parola 
e  che  si  esiriuseca  iiepti  iinniiiierernli  tipi  di  uiiloielture  e  autoearri 
che  <>(/f/i  jn  reorroun,  s,  mpre  piu  iiiiiiiernsi  e  a  reincifd  seinpre  ere- 
scenli,  i  niri  tipi  di  slrade.  L'aulnveienlo  di  niiiji  non  e  tdtru  che 
il  lisullato  del  perfi  zioiiaineiilo  dei  priniiliei  seheiiii  arehitetturali 
che  risalfjoiin  a  iiiiii  eiiopiautina  di  anni  fa  c  Ic  cai  tappe  soiio  sepiuile 
iit'i/ll  esenipliiri  di-veicoti  ehe  redele  raeeolli  in  tjiiesitt  Masco  deirAit- 
tonadiile.  Tali  reietdi  sono  liitli  eai allerizzati,  iincnra  opr/i,  dairarcre 
come  orpano  pt Djudsort  la  ruota  inotrice.  Qiicsfo  schema  di  reieolo, 
che  pot reiiiino  definite  a  ntole  portanli  c  iiudrici,  rotolaidi  sn  itiia 
stipei fieir  pnil iciniienle  piitiui  ed  indeformubile,  ha  oppi  rappi unto 
tin  pradn  di  rispaiuh  nzu  arehilett unde,  eusl I’ullira  e  teeuolopica 
difjicilnieute  suseettihile  di  ulferiore  seusihilc  perfezionamento.  luiiu- 
increroli  in  tiuesto  settnre  sono  le  pnhldirazinni  Iccniehe  che  danun 
esaiii  ieiil i  e  eoinplete  spiet/uzioni  dei  niri  jenmneui,  eonnessi  al  nntri- 
nieiitn  del  reieido  e  al  funzinnunienlo  dei  riiii  oi'pani  the  In  costi- 
fuisenun  e  che  nel  eoidempo  fnruiscoun  tulti  pH  <’leineuti  neeessari 
per  una  rispoudentc  propel taziane  del  eeiodo  e  dei  suoi  orpuni. 

Xoii-  appeiiu  pH  auloeeieoH  Jianun  enmiucialn  ud  impnrsi  quali 
tnezzi  per  i!  I  rusport n  Pi  petsone  e  di  tose  sidle  stnidt'  —  r  siuiuo  uel 
perioilo  sussi‘fjueule  la  iiiinia  pm  rni  moudiule  sono  eomineiati  i 
priini  tentutiri,  sii  sculn  iddiastunzti  estesa,  per  snsllluire  siii  uel  eituipti 
aprictdo  che  in  ipieHn  aHldare  la  Irazinm’  animale  eon  ipicHu  auto. 

l  , 


itwhilislica.  Sfl  tvntfnnio  tra  la  prhna  r  la  incoiula  r/urrra  moiidiale, 
assist iamo  ad  ua  fiorire  di  suhiziinti  e  raalitzazioui  che  rit-scouo,  dal 
i)i  pot,  a  ridnnc  snisibihiiriifa  la  prcsvaza  dairaiiimalr  da  lira 
nclVitnpirpo  atjricolo  a  ad  aholiiln  fnfahartitr  iii  tjuclla  fiiilitare. 
Trnltasi  in  (iiin're  di  rmlizzazioiii  iii’llc  rpiali  rnrt/ntio  prnpiilsore 
ri  Ilia  III-,  roiiir  iii‘:/li  aiifofatcoli  rnmaai,  la  rant  a  nintrire,  t>  che  in 
siiitrsi  'tnait  raraltvrizzatc  daz 

lantc  tuffr  laofriri  di  diaiii'tra  rrlatiraini’iitv  firand>\  sascct~ 
tihili  di  riciTrif  alia  parifaria  orpaai  di  adamiza  piiitto.sln  jiroiitiiiciati; 

iilti  zzr  iiiiaiiaa  da  tarra  ahhaslaaza  rlriatr; 

fiiili  driiioflipticaziiiiii  arlla  I rasaiis-siiiaf  che  ri'alizzano  flcfali 
sjiirzi  iifi  ifi'iit  i  alia  raola,  tali  da  rmisi  ulirr  il  laassiiiio  sfrnftaiiirnto 
di  ll  adt'fciiza : 

f/iaiida  adatlaliilild  alia  asiiarild  did  h  rmta,  tillaaiila  in  tjiialcJia 
mso  lltl^diallll^  lalaii)  siiodafn  cnstilailu  da  carralli  nsiillaati  altorun 
a  nil  assr  loiiiiit ndiaatc  <-  in  lla  tpiasi  lutalild  di  i  t  iiirdianla  nppor- 
tiini  tipi  di  sostlftlsioiia ; 

I ra^^iiiissliinr  dal  iniiftt  alia  niola  « diffarriiiiata  »,  an,  con 
phssiliilild  di  II  iidarla  liiilda  iii.  diaiita  Ijlnuai/pio  dai  dilh  raaziali: 

rai/ffi  di  ndta  altfiiaafo  ridutli.  .ipavit-  par  i  Pw-si  aha,  coiaa 
t'llalia,  soiio  niidtlari::al i  da  tirraiio  iaipairio  a  da  iiaa  liahiiita 
coma  i'alpiiia  a  rajipriiniiiii ii,  mnllo  tonin  iilala  altian  trivaiiiaiila  a 
ptaiilmrl ri< miiaiila,  con  can  a  niollo  rislratta. 

ll  ciiii/ido  iiiiilora  in  siistilazii.tna  dalle  i  iinta  taolrici,  fa  la  siia 
apparizioiia  .'mi  reiedi  daslinali  al  innriiai  iilo  fiiori  strada.  priina 
aiKoni  dai  caicoli  a  riinta  tall,  mnlrici.  Tiiiflasi  liaro  di  sclianii 
ai'chilal 1 11 1  (fli  di  ciiipidalnid  aha  aoa.-<aiiti>iiit  ralm  lld  di  t ni.'ilazioiir 
dai  i  rirnli  iiiulto  hii.<sa,  ijiiali  ipii  ti-’  rai/fiinnla  tlalla  pniiiihra  trat- 
ti'lri  iii/i  icnla  indnst i  tali  a  dai  in  iiiii  aaii  i  iirmali  apparsi  sal  laatro 
di  i/iiarra  did  lontano  l!>l~.  II  ciiif/nlo  cnpaca.  par  disariiio  <■  si rnthira, 
di  niiiidi  spnstinnant i  si/i  sa  strada  aha  fanri  strada  fa  la  sna  priina 
apimriziinir  intoriin  <d  da  allora  a  liiiziida  raffattini  fasc  di 

srihipiiii  did  ci  icidi  ciiiiiidati. 

dS  at  raiitaiinio  Ira  la  piiiiia  la  scconda  anarra  iiiiiiiilnda,  si  a 
srihijjpnla,  coma  ahliinihn  accaiiaato.  ipo  tla  tininio  dalla  ii:‘ifiirizza- 
Zioiia  aha  put ra m mo  dafiiiira  ninl m  iz  :a : iniia  par  la  miii'im  raloca 
sa  strada  r  fimri  strada  cha  alia  tina  daU'idlimo  conjlitto.  »'  rappre- 
saiilala  !>'  sintesi  coiiii  saifiiaz 


retcoli  ft  trhiio  nt/tfio  a  qmtHro,  a  sri  c  a  offo  yiintc,  tntte 
mnfrt'''  ininiitr  di  itiH'iniKitici; 

n’iculi  ctnuplflattif  ■  ■:i»goUttt; 

rricoli  .'irini-rhit/<diili.  Tali  vrivoli  tn  rnnio  fn/ti.  In  tnistirn  pin 
o  mcno  at  rfvtntifit,  la  pttssihilitd  di  niarlnit'nto  lelotf  .sm  strada, 
tniila  ad  ana  ph't  o  ninin  apiccata  altUiidhir  alia  tnarcia  vclnce  suUa 
(jitasi  tottdild  del  fipi  di  fcrtfua-  da  iiindht  af/riroln,  sabJ)ioso  e 
fangnsi),  nlh-  znnr  tan  forti  priidinzf  /•  can  rilt  rnnfi  diMcnnl inttita 
snperficiali. 

qiif.'iftt  gainma  di  vfiftdi.  t-ttsl niili  in  sriir  r  ptr  Ic  rsiginzc 
pin  srttriaff  .  I'indnsh  ia  t-  t/innfa  iitl nn  i  i  stt  appi  ii}in<ili  adnllanit’iili 
f  inndijiclif  dfi  n'indi  camnni  adattniidn  rriteii  <tnfft/ftili  fpiti.<i 
cstditsiranicnff'  d/dl'intnizianr  «*  pt'rfrziannti  daU'n.<pi‘i‘ivnza.  Pn.c- 
filiinin  anzi  tis.<ti  iin‘  chi'  h'  .<t>lnzioni  nnari'  r  di  tiranpnnrdin  apjjiirsp 
in  (jiieyft)  pt  riada.  yaiio  darntf  in  gran  parif  all'rsira  rritillri)  dci 
yiiigali  die  haunt}  agiti}  pin  pt  r  inhiHa  ‘hr  prr  rnziacinio.  K  }nt  sla 
prrnirsya  a  tjitrstt}  ]>nnla  di  aggiiingrrr,  prr  prryanair  rsprrirnza, 
chr  alia  sriUippa  drlla  ntttlarizzazianr  fnari  strada  hanna  ran! rihnito 
(inrhr  gli  artlin)i  ntityl  r.<prri}at  nfahtri  rh<’  hanna  .<apnlt>  parlarr  il 
rricola,  dirt unit)  prr  ryyi  rsyrrr  rirrnir  ra)nr  prr  altri  II  ('aralla,  al 
ynprrtDnrtila  drgli  aytandi  pin  hnpt  gnallri.  ftniiida  naycrrr  fidncia 
iirllr  passihilltd  di  itnplrgt}  dr!  tnrzza  fnari  strada.  Pnyslania  tjnindi 
assrrirt’  t  hr.  ftna  a  ttnti  tptintHrina  d'antii  fa.  Ir  prit)ir  li)nitiilr  cf)no~ 
.'tri’tizr  drilr  rrlaziani  rrriprarhr  drl  <  f>ni plrssa  I'rlrala-ynitla  nrl  niori- 
nttailo  fnari  .'•fradtt.  rraan  pri-ragalirn  p'rryatialr  dri  pathi  t'.tprri- 
ntrnftdari  r  .stndla.yi  drifa  .ypttifirt}  prtddrma. 

*1  titala  pnrantrnir  dltn<}ylrali) n.  drsidrra  a  ijntwfn  pjtnto  (U'crn- 
nnrc  ad  ifn  rjiisadin  thr  ristdr  airttrnini  hatlatia  in^I.  II  Crntro 
.'‘prrinicnlalr  drlla  }nalt)riz zazianr  i}iiHtarr  ilalia)ia  ai’rra  alinra  arpa- 
nizzala  n)ia  ditna'thuzionf  pralira  di  inari)nr}ila  .yti  nti'anipin  diytesn 
di  sohbia,  l)i  tuia  zona  lifaranra  rlrina  a  I!.>tna  ctt}}  .}  flpi  di  rricoli 
cingolafi,  arrtili  <ttralfrri<llthr  di  prsi},  <11  p<tlrtiza  .•iprcifica  r  di 
archlirttnra  drl  ritigola  roniplrhtnirnfr  dirrryr.  Alla  dim  :.'<lrazio)ie 
prcndri  iina  piirfr,  alfrr  allr  Allr  A}ilarlld  }tillilari,  i  pin  rani prtrnt i 
r  .ypcrimcntati  ca.ttDiltari  <•  pragriliyii  d'Halia  di  rricoli  fnnri  sirada 
d<’irrpor„.  Grande  fa  la  yi}rpri  .<a  nrl  rilrrtirr  chr  il  rriralo  cingalalo, 
dotalo  drlla  titaggi<}r  patrnza  .tpecifira  —  rirra  z>n  raralli  per  Itanirl- 
lata  —  yi  ninanra  .•>>»  t/nrlla  parllraltirr  .•<ahhia  cO)i  ana  rrlocitd 
infonin  ai  l.~t  k))i.  aU'ara,  nirntre  nii  allro  rriralo  rin<ialalo.  tirrnte 
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vita  poti-uza  iui^tallaia  di  poco  piii  di  10  ctirdfit  per  totnndlatn  rag- 
ginngera,  sn  tpirlhi  sfest^a  sdhhia,  uxu  vclocita  di  circa  10  kw.  (dl’nra. 
Qncafa  coiisl<it((zit)nc  pronno,  Ingicdmoilc,  ri>ii:i<>  di  uua  licric  di 
iiidagini  tcorirhc  c  spcriiiicnt<di,  arcufi  per  obietfiro  la  ricerca  degli 
eleinenti  che  in/liteiizat  aiio  il  nioriinento  dei  reicoli,  sia  a  mote,  sia 
a  citigolo  sulfa  sabbia.  Lo  studio,  coudntto  eou  criferio  euiiueutemente 
prgtico,  enuseuli  di  dare  uua  spieguzione,  sia  pure  uou  del  tutto 
rigorosa,  del  rasln  e  eoiuplesso  probleiiia  detle  reazinui  tra  organi 
propulsori  e  terreun,  liiuitatnuteulr  a  ijiiello  snhbiosft.  1  risultali  della 
indagiue  allora  condo! fa,  souo  stati  riiccidli  i)i  due  memurie  pubhlicate 
uel  l!)4!)  e  lOoO. 

A”  s(dit  do])o  il  lUl.t  che  lecniei  (.  sitidiosi,  di  f route  alia  inulti- 
foriue  carietd  di  reiroti  fuori  strada  co>uparsi  sui  rari  teatri  della 
secoiidn  giierra  tnondiale.  iucotuineiarouo  a  dediearsi  alt’esiinic  speri- 
luenfidc  c  scieiitifico  di  guesto  partieolare  proldeina .  faeiliinfi  uel 
loro  luoupito  dal  f/raiide  siiluppo  ijuaulitatiro  e  ijualHaliro  degli 
s  •  :  di  niisura  in  geuere  che  i  (tusi  ulouo  purticoliiri  applicazioui 
e  I  I  tuo  rilieci  uiolto  esnili.  I,c  prime  rare  memorie  tecuiche 
sud'a  ’uto  iueomim  iaun  ad  apparire  dopn  il  HJoi)  e  .<i  susseguouo 
cou  uua  •rta  freijueuza,  specie  uegti  Siati  L'liiti  d'Aiiierica,  dopo 
il  HJ.'t'f.  I  fat  aiiiio  it  Prof,  llekker  dd  alle  slamjte  u)i  testa  sulla 
leoria  del  morimeuto  fuori  strada.  uil  (luate,  mceoglieudo  c  siutc- 
Hzzaudo  cou  profouditd  di  iudat/iue  guauto  iu  preeedeiiza  e  slato 
t'attatn  sull'argomeufo,  riuuisce  iu  itu'opera  di  partieolare  r(dore 
i  risidtali  otteuali  suite  iiidagini  e  ie  espi  rii  ir.e  da  lui  sh  sso  coudotte, 
eoaeretizzaiidole  in  uua  esauriente  I  rat  lazioiu-  srieutifiea. 

Il  Prof.  llekker  ha  srolto  la  sua  opera  di  direltore,  di  ricercatore 
e  di  sludioso  per  luolti  anui  nil  l.aboratorio  di  rieerche  delt’esercito 
stat uuitrnse  per  il  mociiuento  fuori  strada,  l.aboratorio  uiolto  iiite- 
ressaiite,  razioualmeute  e  bene  attrezzato,  at  guale  il  Prof,  llekker 
aeceuua  assieiue  ad  aliri  taboratori  del  griiere  esisteuti  jiresso  Puirer- 
sitd  ed  iiidiislrie  degli  Stati  I'uiti.  iiella  saa  recent e  imbbUeazioue 
«  11  luariiii'  iito  fuori  strada  -  rieerca  e  si  iiuppa  iiella  iiiei'eaiiiea  del 
terreun  >. 

I.a  leoria  della  laeeeaiiiea  del  luoriuieulo  fiioii  strada  degti 
autoreienli  eaureiizioiiati,  tpielli  areuti  eioe  eoiiie  orgauo  prnpntsore 
la  riiata  iiiolrice  o  il  ciiigalo  uialore,  r  aueiira  uella  sua  priiui:  fuse  di 
sriluppn,  par  essrnda  gid  slata  elerafa  a  diguitd  uiiirersitaria,  eoiiie 
materia  di  iuseguameuto.  per  raslitd  ed  aiiijiiezza  di  tnittaziaiic. 


Quc^fto  /  Cnuntfuo  Juti'nui:iitHalr  (hi  Moriint'uto  /iiori  Srmdn, 
(il  (i>((ih‘  pm ic<  ijxiDi)  iittinrrosi  rcjalori  provcxioii  i  da  i  rtri  Pacsi, 
(iDicrianii,  nsintiri  cd  riiK>}n-i,  a. '(.sir me  u  nxdti  trcitiri,  sta  a  diiiicstrare 
il  pdrlicolui  r  iiitcrcssc  the  la  motarizztcioiie  fxnri  .strada  rii'csfe  per 
(Kfid  Pacac.  r. 

Palcrsi  irurlfrr  infatli  iiidipi-uihitli  dalle  alrade  per  rappiun- 
Here,  rahdtitalo  sal  ft  rretut,  tfUtdsia.si  h/ralitd  ed  in  tpialsiasi  cottdi- 
::i<iiic.  r(tppreseula  Kii'idtri  im  e  amhila  rillaria  ael  eainpa  dei  (rasjxx  ti 
evh'rl  terp'cslii.  L((  iiniipiisla  drl  fitori  sirada  ha  rappreseutato  in 
passolo  <■  rappreseiila  am(tr<(  apfii  jjer  i  fecnici  e  per  pU  csperimen- 
latarl  III!  amhila  nhn-flira  che  si>h>  chi  lie  e  slata  atfare  pint 
eatapreudcre. 

Le  natnriii.-e  nuinarii-  che  saranna  discusse  itri  (paitho  yiurui 
di  sediile  leeniclie  drl  Caiirrfpia,  pat  'rraaiio  certanieiile  an  reale 
eotifrihulo  alia  srilitppa  della  iiieieatiiea  del  taurimeata  fuari  sirada, 
111(1  sopratlulla  ci  (tnpttriatuo  die  da  ([nesta  amieherale  riuniunc  di 
leeidri.  stadiasi  rd  app((.<siait((li  di  )i(e::i  id<niei  (dia  iii((rcia  'faOi  i 
sirada,  altbia  iidzia  (ptello  sc(taihia  freonda  e  caiitiinio  di  notizic  e  di 
idee  che  e  caitdiziaiie  iiidispetis((hile  per  an  rapida  praaressa,  e  che, 
ltd  coiiteaijto,  sorpa  aitdte  Jx^f  tjaesla  padietdare  probleiiia  an  eiilit- 
sittslica  ittferesse,  eatidiziane  esseiiziale  per  hen  riascire. 

Tra  pit  arpaiiienli  die  saraiino  (li.<ciissi,  non  possn  non  rilerare 
('.an  piacere  die  (U'canla  a  sisteini  I radizianiili,  rnota  inotrirc  e  cinpolo 
niufore,  ri  e  ipialdic  (icceiiiio  a  iniori  sislenii  di  locainaziaiie.  11  proict- 
larsi  iiel  praliea  ean  idee  nintre  e  iiidice  di  pnipressa.  La  inatnrizza- 
zione  fuari  tlraila  di  appi  si  hasa  ancara  siipli  .sdieini  ardiitett nrali 
tradizionali  iiri  tpiali  si  slanno  seinpie  jtiii  perfezianandn  pli  arpaid 
prapidsari  —  mala  painniala  e  einpola  inaloic  —  can  I'ahieftiro 
jnincipe  di  dindnnirr  la  prrssiane  sprdfiea,  fannirv  la  pallrpt/ia- 
hilild  (hi  reieala  sit  Irrreiia  cedrrole  ed  annienlare  }'(tdeyenza. 

Ed  e  appKitta  sn  tjiasli  dentrnli,  rnnla  painniala ,  einpola  niafoie 
e  laro  apprnppaineiili  die  si  hasi-rantia  U  -  disriissioni  di  ijiiesti  piond 
die  arranna  per  srapa  di  approlandire  le  nlaziaiii  fra  iiiiesti  arpaid 
di  hxtanaziane  ed  il  lirrenn.  per  piinipere  a  seheini  ardiitetliirali 
di  rcieali  fuari  sirada  dir  sfriillinn  la  niiissiniii  pas.sihilid)  di  niori- 
iiii  nia  sii  (jiialsiasi  Irrrrna  a  dir  risiiltiiio  pin  idraiei  ad  oprrare  in 
an  (Idrnninala  lipa  di  Irin  iia.  Qnesla  nan  .\ianifira  ('he  in  ini  dainaid 
pin  a  ineiia  hmlttna  la  irriiira  nan  passtt  aririifttisi  in  tnlta  a  in  parle 
t  rrso  aliri  si.th  nii  di  laeainoziane  cajatri  ill  iiirreinrntarr  sritsibil- 


>»«'»/'•  /«'  ini'sloiioni  con  f/!i  sdinni  c  mu  t/ii  nrtjnni 

<li  locomozivnc  ultnoli,  chc  I’inthn/Jnc  c  rrsprricnza  nrmnno  pcrfe- 
zioiKiln  (il  tUd'i.sinto.  Air.i  la  prrfcztnnc  .'ipinta  al  inasshmt  *?»■'///  ni  tjani 
propiilsori  attiidli  sara  rcrtantcntc  la  hnsc  Hi  parlcnza  r  rrmtuali 
future  iniiavo.zinui. 

DcsIHero  ora,  tpntlc  I*rfsiHcnti‘  Hcl  Caiii/rcssa,  riniimziare  I  On. 
Sotlo-Scffn'tario  Hi  Stain  per  In  Dife.io  rho  rnppre.^entn  rjni  il  Governo 
llaliiniu  c  Ic  Allc  Antnrila  chc  Ininiio  rnlntn  c<ni  la  presenza 

rciiHfic  pin  solciuic  ipic.'ila  rcrlniunin :  If  Antarita  Hril  rcitn  Hcpli 
Slati  L'nili  irAnit  ri(a.  clic  hannn,  cun  if  fora  aintn  finanziarin.  consen- 
titn  Itt  ronlizzaziniif  thl  ('anttrcs.'in;  il  ('an.'iiaHit  yaZfualc  Hclle 
Ificfi'chc,  chf  <'i  ha  nnnraiji/ialo  fonci'Hi’uitoci  il  sni»  alln  Pat ronato, 
c  .-<0111(111  lit  I  a  II  Pnlitffiiico  Hi  Torino,  i/haiosa  fncina  H:  h-aoii  itahani, 
chf  ha  i  iirafo  rnri/anizzazioiif  Hd  ('onrcfinn  c  tpianti  allri.con  il  loro 
coni  r  Hill  t  o  SCI  flit  i  Jico  c  con  la  loro  pifsfnza,  hanno  i<H‘i‘o  rcnilrrc 
possibih'  ipifsto  I  Coin  f/ino  Hfl  Moi'iiiifiii o  jiinri  HlraHa.  iH  Insi.'Ho 
Ilf  I  il.i'f  Priiiio  ( 'on  icffno  Hfl  .Mm  iiiii-iito  fiioi'i  SIraHa.  pr  relic  sono 
rcrin  rhe  a  iiiifsia  iniziatira  alh  f  iif  sfijiiiranno,  ora  die  r  la  priina 
Volin  i  vari  cnltori  Hi  <infsla  tniilf''ia  st  irovano  ijni  ti-niiti  con  i 
Iffiiid  die  rciili:  :ano  ifinHi  itloiifi  alia  niarcia  jnori  struHa  e  con 
coloro  chi'  tali  cficoli  Hfhhono  iinpii'iiaif.  Af>/i  c  senza  giof-ijifitlo  chc 
la  sfHiita  iiianf/nrali'  Hi  i/iifsto  Convfpno  rii’iif  Ifiinta  in  an  Masco 
die  <»  raniinenla  le  i/lorie  e  le  cari('  tappe  Hd  proi/res.-o  Hflla  nioto^ 
rizziizlonc ,  in  i(iii'sla  alormsa  cilia  iuHnsI riale  Hdl  ini'oinohili.sino 
italiaiio  die,  cnlla  Hd  llt.sorriiinento,  f r.-^h'i/pin  in  ipndi  piorni  il 
Priino  Cfiitfiiario  H fil  l' nitii  H  Italia. 

Kccflli'iiZf.  ijfutHi  siipiorr,  fliiai  isslini  proffssm  i,  siatro  i  ennpres- 
.sisli;  III)  Ifiininalo  la  niia  hrfCf  ini roHii zioiir  die  ha  .'ofo  rolnlo 
rainiiifnlai'i'  If  lappf  Hfl  /o'oi/rfsso  Hi'lla  inotorizzazioni’  ]  lod  straila. 
Fornnilo  Hi  hilto  cnorf  I'aminrio  die  la  piffoln  Jiamina  dtc  opiti  si 
accfiiHf  possa  ,.s.>frf  il  srpnalf  Hi  nn  rapiHo  e  rmilinno  jn-.iire.<.so  in 
(jnesto  caiiipo  Hdla  li'cnifa. 

I’KKiariMO  UAU>AAUl 

Ca[*t»  Si'ivi/io  ‘IVfiuru  tK'Ha  Mi‘* 

.It  ilo 


INTRODUCTION 


Yotiv  ftddii'ji  utul  (rvutfi'incH, 

Mnfnn:alio)i  vnisiden-d  ns  ridinhj  snhslit iiliiifj  (luiiiial  trnclion 
on  Iht’  mod.  Jins  fiiiiiJlj  nssi- rf 4-d  ifsolf  in  lhi'r:i'  Inst  dcciiiJi‘s ,  nnd  Jiccps 
on  di'i'fjoitini/  nnlinnipncd  in  tin'  fiidd  of  conti'iftincc  both  of  people 
and  poods,  on  nnif  strip  of  land  more  or  less  fit,  or  prepared,  teliicJi 
for  roinimelness.  snrloee  JerelUinj,  liintinff  rndins  shuns  a  niininiuin 
of  I nd isjiensoble  tenlnres  fur  the  safe  piissiiffe  of  u  rehicle, 

Sio  h  is  n.ofoi  i:ntion  in  its  eoniinon  menniiii/,  n  hich  appenrs  in 
(he  iininbeiless  Ippi  s  of  motor  ears,  niid  lorries  uhieh  eiunu  at  an 
eiei'  iiwreaship  sjieetl  the  roriiins  tiJjn'S  of  roads,  U'.olot  i  I'hicic 
iion  iti(oijs  is  iiothinp  bat  the  resnlt  o]  the  improi  enieiits  on  llic  eaily 
desipn  prartiees,  that  ieaeh  bael,  some  fiftij  pears  apo,  and  irhosc 
stiufes  are  marked  in  the  rehale  spieJniens  shoirn  in  this  .Into- 
mobile  M nsenm.  Sueli  eehiiles  are  ■'^till,  rharact eri :ed  to  this  dap, 
bp  their  hariiif/  as  propellinp  arpaii,  the  dririnp  irheel,  Ihis  hind  of 
tehiele  n  hieh  ire  map  deseribc  as  earrpinp  and  dririnp  u  heid  rehicics, 
roUinp  on  a  snrfaee  practieaUp  flat  and  nndeforaiable,  today  has 
reaehed  sneh  a  responsire  arehitert aral  harmuny,  both  const rnctirc 
and  teehmdopie.  that  it  is  hardly  apt  to  any  remarkable  further 
i in/ii'ori' in<  II t .  \ iimln'ili'ss  are  m  this  do,iiain  the  leehnieal  papeis, 
(jirinff  Ihoroniiidp /nil  eeplanatiaiis  eoinei'iunp  the  eaiioiis  phenonu  na, 
( lonieeted  ii  itli  the  motion  of  tin'  rehiele  and  the  piopelliiip  of  the 
rarioas  oniaiis  that  nad;e  it  np  and  meaniehile  f  m  nishint/  all  the 
elements  needed  for  a  siiltalde  ilesipn  of  the  rehiele  and  of  its  arpans 
So  sooner  did  the  motor  I'eliirles  proi'e  sat isf act orif  as  mean.i,  of 
conrei/ance.  for  people  and  poods,  on  the  road,  after  World  H  fo  I, 
than  the  first  attempts  beyan  to:  a  rather  e.i'lensii'e  scale  to  snhslitnle 
animat  traetiun  by  niolor  t ruct not  both  in  the  nprieidt aral  and  md d ary 
fields.  In  'III'  lireiifii  yiars  belirei  a  H  iirld  II  ar  [  and  11  arid  11  ar  11 
the  '  '■  'ions  mnltiply  to  smh  <iii  exleiif  that  from  the  thirties  on, 
aniinid  isaetinn  has  been  remarkably  reduced  in  the  apricnHiiral  use 
and  has  disappi'ared  altopi’t her  in  the  military  pcid. 


Genernlty  m  these  realizadoiis  the  propelUug  organ  is  (he  same 
as  in  the.  coniiuon  motor  rehiclcs,  (he  ilririiig  uheel,  and  on  the 
whole  they  are  characteri:e<l  luj  haring: 

—  all  dririay  wheels  with  a  rather  large  dianieter,  apt  to  receire 
on  their  periphery  quite  <onsj)ieHi}us  Iraelion  derwes; 

—  rather  high  ground  eleuraiiee ; 

—  hirge  reduction  ratio  iii  the  power  transmission  in  order  to 
obtain  high  perijdieral  fopces  on  the  wheels  such  as  to  e.rploit  at 
the  Pttmost  degree  the  arailahte  adherence; 

—  great  adaidabilitg  to  the  ronghness  of  the  surface,  obtained 
in  some  cases  through  the  u.<e  of  an  art icnhded  frame  laade  ap  by 
sithfrauii's  oscillatiny  ronnd  a  lonyit adinal  <t.ris  and  in  almost  every 
case  thronyh  suitable  types  of  suspension ; 

—  potrer  Irtinsmission  to  the  plririny  wheels  thronyh  differential 
gears  uilh  the  possihilitg  of  the  bluehaye  of  the  differential  itself. 

The  turning  radius  has  been  lathiw  tulueol.  especially  for  such 
countries  as  Italy  tchcre  the  yroiind  Is  im]/erii(nis  and  the  roads 
thropiyh  the  Alps  and  Apennines  are  altimetrii  ally  and  planimet ri- 
ctdly  inirleate  aith  very  narrow  turns  and  bends. 

The  driving  traeU  system  int rodneed  to  snbsliinte  tin  driving 
aheels  firs!  appears  on  the  vehicles  ineont  Jov  off-lhe-road  leroindion 
earlier  than  all-driring-wheeis  veliieles.  Hmvei wr  the  ih  sign  of  these 
tracks  is  such  as  to  ulhur  rerg  low  speed  and  tvaaspart  rotes  like 
those  of  the  early  ayricnit urni  ami  indastrial  fraelors,  inal  of  the 
first  armoured  rehirles  that  Pippea nal  an  World  /  battle  fields, 

far  hack  in  IDIT.  The  tracked  vehicle  system  capable  of  fast 
movements  on  account  of  its  di  sign  and  si  vni  I  are  i'lther  on  or  off- 
the  voad.  first  appeared  about  lf):>0. 

fiver  since  tta  efferlive  dei  i  lopiaeni  of  Iraeklaging  rehirles  has 
hecpt  carried  on.  In  the  twenty  yeats'  period  betueen  U'ar  I 

and  World  War  II,  as  above  nioitioned  the  bramh  of  motorization, 
we  may  it  escribe  as  fast  loeomotion  on  and  of  f-the-road  has  been 
developed  aniil  at  the  end  of  the  last  war,  it  is  repu’sented  on  the 
whole  as  follows:  four,  si.r  ami  eiyhi  wheel,  riyid  frame  rehirles, 
furnished  with  li/res,  urn!  wholly  Iraeked  or  half-tracked  rehieb's. 
Snell  rehliles  had.  more  or  less,  (he  possibilit y  of  fast  moremeni 
on  the  mad,  as  well  as  u  more  or  iess  pronoaneeil  aptness  to  speedy 
dririiiif  an  idinost  every  tiipe  of  yronml  from  agrieatt ural  .soil  sandy 
and  muddy,  to  steepy  areas  am!  i  eiiiai  kaide  surface  discontinuity. 
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ludnstry  has  vt'arh-'d  such  srafc  of  standard  rchiclcs  for  (he  most 
varied  purposes,  through  the  proper  modi/icotiun  of  common  vehicles, 
adoptinff  criteria  sufif/ested  iduiosl  e.ichtsii  ely  hjj  intuition  and  im¬ 
proved  through  c.\  jn  ri  otee.  ll'r  niajf  ereu  state  that  the  new,  pioneering 
solutions  reached  during  this  period  are  due  niosllg  to  the  genial 
iiidividiud  iutiiitious  rather  than  to  rational  results.  Let  me  add, 
through  personal  e.rpcriencr,  that  the  derelopmeut  of  nff-lhe-road 
locomotion  is  not  for  the  lesser  part  due  to  the  daring  experts  irha 
hare  brought  the  rehicle  as  a  liriiig  being  to  them,  like  horses  to 
others,  to  overcome  the  most  engaging  obstacles,  rousing  confidence 
in  the  iiossibte  use  of  a)  f-lhc-raiid  men  ns  of  eaii  reijiince.  'I'liiis  ire  mag 
state  that  up  to  about  fffeeu  genrs  ago,  the  /irst  limited  notions  as 
regards  the  mutual  relntions  of  the  reliicle-soil  sjistem  iu  the  ujf-the- 
road  traffic  were  the  personal  pririlrge  of  the  few  expeils  on  that 
special  problem. 

As  a  mere  demons/ ration  1  uish  to  point  out  an  episode  reaching 
far  back  in  The  cxpcrimeutal  Centre  of  Ifiditin  miiitiirg  molo- 

rizatiou,  hud  then  organized  a  practical  demoustrutiou  of  locomotion 
on  a  wide  stretch  of  sand,  in  a  coast-line  area  near  Home,  ii  fli  •>  tgpes 
of  tracked  vehieles,  having  altogether  different  feotures  in  weight, 
spieific  jioteer  and  track  design.  The  dcnioiislnitioii  was  attended  hg 
the  High  Mililarg  .Intlmrities,  and  besidis,  bg  the  most  earn  pet  ent 
and  e.ejn  if  ItaHan  road  eeUiele  taiihlers  and  di'siiiners  at  the  time, 
-1  great  surprise  was  raiised  bg  the  fart  that  the  t raeklager,  haring 
4hi‘  hi(/hesl  speeife  power  —  ucarlg  zut  11. P.  per  ton  —  mored  on 
flint  sand  nl  a  speed  of  about  ].’>  km  per  hour,  whereas  anuther 
I racklagi'r  haring  an  in.slalled  power  of  hardlg  orer  111  H.P.  per 
ion,  reached  on  tin'  sonii'  sand  a  spied  of  neartg  iO  kin  per  hanr. 
Logieallg  this  eoitsideralian  brought  about  a  series  of  iheoref iea' 
and  e.rjwrimentiil  investigation,  with  the  piirpo.'-e  to  fnd  out  the 
elements  affecting  the  movemenl  of  the  rehiejes,  either  wheeled  nr 
tracked  on  the  snnd.  7  he  ob.-<rri  ation  enndueted  on  es.<enl iullg 
praetienl  (vitcrin,  allowed  an  ■xplanal ion ,  Ihmiiih  not  .'^triellg  rigo¬ 
rous,  of  the  far  reaching  eomplex  problem  of  reuetion  befneen 
propelling  organs  and  grannd,  limited  ta  sandg  soil.  The  results  of 
the  researeh  were  published  in  tao  papers  in  I'.rttt  -  lu'}!).  It  is  oidif 
.since  10\~>  that  leelniieinns  anil  reseurcb  e.rperls  eonj routed  with  the 
midlipli'  I'liiiilji  of  11  ff-the-roiid  rehi<le.s  thnt  iippenred  erergwhere 
during  ll'or/i/  //,  demiid  theiiisclres  to  the  rxperimenlal  and 

seientifeslndj/  of  this  parlieidar  problem.  Theii  found  greater  fueHities 
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ift  this  fas},-  iJiroKf/li  iJn'  ffiriit  ih‘rc!npnie>i(,  hoih  tv  quantity  and 
qiKilHy,  of  iJir  )V‘  iisiiriuy  ivsl i  iivh  iits  iiltoffi’thrr,  nUmriny  particular 
applications  and  i  i-ry  exact  fiialiat/s.  't  he  I'lirlici't  rare  technical  papers 
on  the  siiijri  I  hrt/aii  to  appear  since  rather  f rrqucnt!ii,  especially 

in  I'.S.A.  since  [n  that  year  Prof.  HcLher  piililishcd  a  text  on 

the  of f-tlir-roinl  locomotion ,  in  irhich  r/atlieritiy  what  hail  hcea  said 
on  the  snhject  and  difiyinff  deep  into  it,  he  collects  in  a  specially 
raliaitdi'  icork,  the  results  of  his  own  researches  and  cepe rienecs  and 
th  ornayhly  deals  a  tlh  the  niattef  scientifically. 

Prof.  Itchier  has  been  Pircitor.  researcher,  aad  a  scientist  for 
srrerat  years  at  I, and  l.oi  omul Ion  Lahornlory,  .l.i'.  'I  his  f.abo- 

ratia  it  is  l  eni  inlet  ,  stiny.  rut ionatly  efjiiijtjted.  and  Prof,  ftchker 
menlinns  it  os  a  ril  a.^  others  altaclied  to  P ni ret  sifics  and  Indastries 
in  I  in  his  recent  fnitilicat ion  :  x  Of f-llic-t'oad  locoinol inn  -  Jte- 

seorch  and  tteri  Inpincat  in  soil  mechanics  *. 

'I'hc  III,  at y  of  n/f-tlie-road  locomotion  for  conccntional  motor 
rcliicle:  those  haiiin/  as  propelliny  oryan  tlu  drirtay  wheel  and 
the  (Iririny  tract:,  is  si  ill  in  its  eaily  stafiv  af  deiilopinent, 
tlioiiyh  aln  a'ly  raised  to  luiicersil y  diyaity  as  a  can  icahiin  subject, 
far  its  wide  aad  ant  file  vanye.  This  first  International  (’onf  ereuee  on 
the  Miehaiiies  of  Soil-Wdiiele  Systems  attended  by  quite  a  number 
of  speakers  from  diljerrnt  countries.  Anirncans^  .li-iatics,  Kuropeans 
as  well  a.s  h  clinicians,  ja  orc.s  the  special  interest  roused  In  erery 
coiiiili  ji  by  till'  iiff-tlir-road  mntoi  i:,ilinn.  In  fact  the  jins.siliilif y  of 
rruchiny  anywhere  and  ccirywhiic  indijwiolvnlly  from  the  road, 
I  riwi  scio's  fiit  ihir  ricloiy  li,oh,  d  jorward  to  in  tlir  field  of  fast  land 
I nnispoi  t .  Oiihi  II  ho  has  bio  ii  tirlii  rhi  enyayed  in  iJiis  coiaiuest 
ran  fnliy  apprrt  iai r  it.  The  number  of  paper.s  which  inw  yoiny  la  be 
il rsinssi  d  duiiii’i  the  four  days’  Icehniral  ineelini/s  of  the  ('onf erence 
irill  eri'liiinly  cunt rilnile  to  the  dei  clupineiit  of  tl,e  mc,  hanics  of  the 
iilf-the-ioud  ioi  nmol  ion.  Put  abnre.  all  trust  (hill  front  sneli 

j'lirndly  niietiny  af  Icchnlciuns^  scinitisls  and  hern  supporlei s  of 
(lrrir‘'s  fit  for  off-tlie-roail  locoiiiot ton ,  an  exrlainyc  of  niuliial  infor¬ 
mation  may  rise,  as  'in  indisjn  a  aible  condition  In  fust  pruyiws.s,  tie 
iccll  as  a  hi  .  It  interest  esscnl lal  to  snceess. 

Antony  the  siilijiit  thill  arc  yoiny  to  be  dealt  irilh  I  ant  ftlrased 
to  remarl:  that  b‘',sidr..  //(,■  I  rad  it  ioual  .systems,  th-.  re  i.s  a  hint  t'>  tiete 
locoiiiol ion  sy.steins.  \eic  ideas  ia  the  way  of  fruftir  are  a  siyn  of 
prmircss.  ()! f-ihe-road  moloriialinii,  to  day,  is  still  i.ased  on  t ruditional 
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nrchitt'ct Krai  in  irhich  the  propelling  organs  arc  ever 

itiiproi'iiig,  Ihc  Ipred  wheel  and  the  driving  truck,  irith  the  main 
purpose  of  diminishing  the  specific  pressure,  faeililatr  the  floating 
of  the  vehicle  in  soft  ground  and  increase  the  adherence.  In  fact 
it  is  OH  snrh  {  lenients:  rgred  wheel,  driving  track  and  their  grouping 
that  will  be  the  base  of  oar  discussions  during  the  present  meeting. 
Oar  purpose  is  to  dig  deep  into  the  relations  hetiveen  the  locomotion 
orglnis  and  the  ground  in  order  to  reach  desi/pi  criteria  for  off-the- 
road  vehicles  ajfovding  to  the  utmost  the  conveganec  on  umj  kind  of 
gronnd  nhalever  and  proving  fitter  to  operate  on  specific  kinds 
of  soil.  'J'his  does  not  e.relnde  that  in  the  near  fnfnre  teehnics  mag 
find  a  new  In  nd  of  locomotion  to  enlarge  the  scape  of  aetii  ilg. 

IJoicever  the  slarliii/f  point  for  farther  impruvenient  will  be  the 
present  prospeds  and  locomotion  organs,  brought  to  a  climax  of 
perfect  inn  Ihniiigh  lescavrh  and  expevleiue. 

In  the  qiadilg  of  Pt  esidi  nt  of  the  Congress,  I  wish  to  thank  the 
lionourahle  St  ei\  targ  of  Slate  fur  the  Defence,  u  ho  represents  the 
Italian  (inii  jiimenl  and  the  AuHnnitiis  that  honour  the  {iiesent  ccre- 
moini  n  ilh  their  at tendina  e.  the  Authorities  of  the  I'nited  Stoles  .Irmg 
that  hare  financiallii  sujipnrled  the  realization  of  this  Congress;  Ihc 
Xaliinia!  Council  oj  Itrseavt  In  s  that  has  encoii ni(/ed  ns  bg  grauliiig 
us  its  high  Pat ronnge,  aud  above  all  the  «  Piditmiico  »  of  Turin 
a  glorious  makn-  of  Ilaliau  h  i  huieiaus  that  has  organized  the  Cuufe- 
reiiee,  and  alt  those,  a<  leett  those  who  hare  sei<  nl if  iiallg  eaiif rdiiited 
or  prrsonallg  altciul.  this  Civsl  ConfereiK  e  ou  the  Mechanics  of  Soil 
I'ajiicli'  Snstcnis  and  I  insist  on  calling  it  the  Pirsl  Confrrenec,  as  I 
feel  sure  that  it  will  he  foUowed  bg  others  after  this  mecUng  of  all 
will)  are  in! ereslcd  in  ilo:  siihjccl.  There  is  a  meaning  in  the  fact  that 
the  opi'iiina  Sc'^sion  <>/  flits  ('iinli  reaet'  lakes  plaei  lii  a  .Musetim 
!  finindiug  ns  of  tin’  •ihnii's  aud  the  staiirs  of  niotori  zafion,  in  this 
Citi)  where  llullan  Motorln;/  rosc.  this  glorion.-  cK’ilh  of  llnlinn 
«  Itisiirginieiil  o  y>  celt  hint  nig  llo  Jir-I  Ciiilenarg  of  llo'  I  nilg  of  llnlij. 

Yoiir  p.iecllria  ies,  Ladies  and  (leiilh  nn  ii  in  (losing  this  brief 
i II t i  Q/l net I'l n  to  the  (  on/eii  nee,  /  expn  ss  the  irish  that  tin'  sptiric  lec 
light  to  (tag  inai/  trait  the  wag  to  an  ca  i  inert using  inogrcss  tn  this 
technical  field. 

ric'.jiurrio  uaIxM^aui 
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]ViIOBII4TA’  DEL  VEICOLO 
E  TEOE2E  SULLA  PLASTICITA* 

VESJSCLE  MOBIUTY 
AND  TI-IiSCIlgES  OF  PLASTICSTY 


On  stress-strain  relations  for  soils 
and  load  carrying  capacity  * ••) •*•) ) 

Relazione  tra  sollecitazioni  e  deformazion!  del  suolo 
e  la  capacita  di  carico 

I).  C.  l)itr(-KKU  ••) 

ABSTRACT.  —  Although  the  art  of  soil  engineering  In  old  and  In  many  re-^pectJ 
teen  established,  the  science  of  soil  mechanics  h  relatively  recent.  The  word  mechanics 
implies  a  mathematical  formulation  of  the  problem  and  of  the  basic  equations  to  be 
used  In  if*  solution.  In  €  soil  •  mechanics  the  essential  set  of  equations  clearly  should 
be  the  relations  between  stress  and  strain  in  soils.  Except  for  elastic  and  simple 
risco-elastic  behavior,  no  such  equations  are  now  In  actual  u.se.  It  Is  the  purpose  of 
this  paper  to  explore  the  slress:slrain  rvlations  for  plastic  and  frictional  soil  along 
with  the  associated  means  of  determination  of  loads  which  taill  cau.\e  failure  of  a 
soil  mass.  Meeded  if>  f-  fion*  of  study  arc  indicated. 

Ictroductlon 

Soil  nu'cliaiiics,  ns  tlio  loriii  iin])liys,  is  n  lirani’li  of  imclianii's  of  solids. 
A  valid  Siiliilioii  tii  a  pt'oldnii  of  tlio  of  a  .soil  ii)as.s  lo  applied  load 

tiiiist  satisfy  the  Kniiulary  ^•lHlllitiolls  «iii  fiiree  and  ilisplaeeiiieiit,  the  equations 
of  eqnililn'iiini  or  of  motion,  and  the  eqnati<)ns  of  eoinpat ihilitw  Tlie  k»’y  to 
ohtainini;  valid  solutions,  therefore,  is  the  estahli.shinent  of  tlie  relatimi  helweeti 
force  or  stn'ss  quantities  and  eoinpatihle  or  ”:eoiiK'trie  quantities.  "Witlumt  suoh 
hasie  knowledge  of  the  stre.ss-sti'ain  relations  or  their  equivalent,  a  so-ealled 
.Mdutioii  is  merely  a  };iies.s. 

I’artly  for  siniplirity  in  praetlec  and  jmitly  heeanse  of  the  hi.storieal 
development  of  meehaiiies  of  .solids,  prol)lems  in  soil  nieehanics  are  treated  in 
several  sj'parate  and  unrelated  va.vs.  When  no  failure  of  the  soil  is  involved, 
stresses  nl  jxniits  in  a  soil  mass  under  .t  footing:,  or  l)ehind  a  ret.aininf;  wall, 
or  under  a  iiuivinu  vehicle  ‘  are  I’ompnteil  nsiiifi  linear  elaslirity.  I’roMoins 

of  bearing!  eai>aeily.  staMlity  of  slopes,  failure  of  retainiii};  walls,  land  loeo- 
niotion  over  weak  terrain  '  *  now  are  eonsidereil  in  tlie  realm  of  idastieity. 

•)  Tliiji  p!ijh*r  reports  TNf'tk  .•j'umsori'tl  l»v  llio  l.mul  tun  Itiaiii'li, 

Ordnnrifr  Tnnk  rtMuTniuul,  un.li'r  rHiiUai‘1  DA  IP  i*«0  ()Kl>-4500, 

Several  nf  the  lojiir.H  lii'tc  \'»ti  I'ovtTi’d  t  in  nn  unpiiltlisltoii  Vilivorj'ity 

D.\  1^  Mnrrh  IPwri. 

••)  4)f  V]ugiinvrh:g,  Drtmn  I'nirciMily,  Prtividonfc,  Wliodo  iHlainl. 

•*•)  nuiniMTa  refer  lo  llic  r»*ft’U'n»*o:<  ii?  llie  epil  of  llu*  paper. 


Rcttlciuont  Olid  consolrdntton  pniW<*ms,  im  the  other  hand,  are  treated  us  eaacn- 
tially  visfo  olastie. 

The  primary  eoncern  of  this  paper  arc  thosi*  soil  niechiinM's  prohloms 
accepted  in  aecordaiicc  with  the  usual  lerniiiiolofxy  of  the  field  as  lying  within 
tlie  realm  of  plasticity.  If  tc.\ts  and  papers  arc  eunsulti-rl,  a  most  .sui*i«rising 
fact  emerges.  The  description  of  stre.ss-stiain  relations  is  restriet4'<l  to  the  most 
elonieutary  aspects  of  tlie  simplest  tyiics  of  tests.  No  general  relations  have 
fH>cn  written  <fo\vn  and  the  need  for  them  is  almost  never  mentioned.  This  is 
in  sharp  distinetion  to  the  treatment  of  soil  a.s  an  clastic  or  as  n  viseo-elastic 
laxly  where  the  hasie  etpiatiuns  not  only  are  lisicd  hut  aetually  aiv  ustsl.  There 
U,  of  eouv.se,  a  reason  for  this  omission  of  a  detailed  (lis<-ussion  of  the  relation 
In'tween  stress  and  strain.  When  soils  with  ImIIi  cohesion  and  friction  angle 
an>  studied,  it  is  hy  no  nuans  clear  what  tlir  funilaim  ntal  illations  are  and 
much  less  how  a  solution  could  he  ohtained  with  them.  .S'cvcrthelcss’ it  must 
lx*  rcix-ntcd  here  that  without  this  fundamental  knowledge  or  an  appropriate 
ideali/ation  of  soil  hdiavior  there  can  lx*  no  real  .solutions. 

Henkel  in  his  thesis'  summari/.ing  years  of  very  careful  triaxial  experi¬ 
mentation  on  clay  has  cslahlislusl  a  most  inti  rcsiing  set  of  nsults  wh.ieh  will 
serve  as  rol'crenee  for  mueh  of  the  discussion  which  follows,  lie  finds  that  the 
maximum  consolidation  pressure  is  the  controlling  state  variahlt*  for  the 
Ix'havior  of  over-eoiisolidated  clay.  There  is  a  remaikahlc  degree  of  iialh 
indcpciuleiiec.  A  eomnion  failure  envelope  is  found  for  Imth  drained  and 
undrainod  test.s.  It  nkcl  also  demonstrates  that  for  normally  consolidated 
siiniples  there  is  very  closely  a  uni<juc  relation  helwceii  the  effective  s1rcs.ses 
and  •.ho  water  content.  So  well  correlalcil  a  jiattern  of  behavior  indicates 
strongly  that  stre.ss  strain  relulious  of  moderate  comjdcsity  only  must  exist. 

The  :  lathematical  theory  of  plasticity 

The  difiieultii's  encountercil  in  obtaining  stress-strain  relations  for  soils 
hccoine  ebarer  after  a  brief  discussion,  in  j'ietorial  and  (pmlitalivc  terms,  of 
the  basic  features  of  the  mathematical  theuiy  of  ji'.asticity.  By  definition,  tirac 
and  visrosity  efi'eets  are  absent.  .\11  significant  features  of  tlio  relation  between 
stre.s.s  and  strain  tlien  are  deriveil  from  the  concept  of  a  yield  or  loading 

.surface  and  llte  jmstnlate  tliai  in  a  cycle  work  cannot  be  extracted  from  the 

materi.al  and  the  system  of  forces  acting  ti]H)n  it  '. 

Two  of  tlu*  direct  conseuuenrcs  of  the  jiostolate  are:  a)  •iiiy  yield  or  loading 
curve  or  surface  iimst  be  eotnex  and  b)  if  axes  of  plastic  strain  are  .siiper- 
pused  on  the  axes  of  stress,  the  vector  rejoesenting  tla*  increment  nf  jdastie 
strain  is  ni.rmr.!  to  the  loading  surface  at  the  point  n'preseiiting  the  existing 
state  of  stress,  or  lies  between  ad.jact  at  lun  inals  at  a  corner,  fig.  1.  .-Vt  a  simwth 
IKiint,  tlieref'ire,  ibe  ratios  oi  the  eoiaponents  of  the  plastic  strain  inereincnt 
aiv  uniipiely  tletenniiied  by  the  shape  of  tlie  loading  surface.  .\t  the  stres.s 
point  U  or  any  point  along  the  straight  line  AH  of  fig.  1.  the  ratio  of  the 

plastic  exten.^ioii  rate  to  the  plastic  shear  rate  is  eomtant  at  tan  <f.  If  a  (’.eix* 


le»sioi>  cHt-off  ciroW  Ol)  gwvorn*  yifhling,  th<?  nitio  of  plastir  fstcnsion  to 
plastic  .shear  iiicreasos  from  1)  to  O  when?  it  lu‘Conies  infinite. 

The  assumption  of  iH*rfoet  plasticity  is  the  ;;imi>Ie.st  anti  stnjiigcst  itloal- 
ization.  Any  «  inside  *  path  such  :i.h  KU  involves  elitstio  or  reversible  In-havior 
only  but  at  iwint  B  or  any  stress  iK>iut  on  the  single  fixctl  yield  surface 


Kig.  1.  —  I'la^tic  strain  increment  normal  to  yicM  surface.  If  fhe  material  ia 
unable  to  take  tens*i*'n.  the  ui»pcf  half  of  the  yieUI  curve  >»  01>Bs 
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Fig.  —  TriRxiat  'fjl  v,  ~  Cv 


or  curve  there  is  lo  liinit  to  the  ]>lnstic  deformation.  .\  woik  hardening  mntcriai, 
on  the  otlier  hard,  is  ready  to  deform  plnstieaily  at  a  yiel  1  stres,s  but  r»'<]nires 
an  *  increase  »  in  stress  to  (leforin  it.  Consid-r,  for  eNiimpIe,  the  tria.xial  type 
of  tost  with  <r:  -  tip.  -•  Initial  niul  subsequiiit  siin'aees  which  eonld  be 
e.^lablishiil  by  a  path  of  lomliiig  are  shown  s-liematkally  in  fig.  tl.  It  is 
desirable  and  omiveiiient  to  tisc  ir,  and  <T;  }’  as  oordinates  for  phittinp 

the  yield  and  sii!>se»ineiit  bmdiiip  .surfaces.  In  geomelrie  terms  tliis  is  a  p  're 
of  the  inlei-s.'etimi  of  the  .surfaces  in  principal  .stre.ss  sjutee  hy  the  plane  o  -  (Zj. 

Tliore  is  no  rca.son  to  .supi>ose  thut  dilYereiit  loailiiip  paths  ^Yill  establislj 


llie  same  loading  siu'faM's  although  this  assuiniition  is  unule  in  flie  simplest 
of  work-himleiiiiig  Itu'oriM  of  plnsth-ity,  llu*  isotii>pio  stivss-linrdoniiig  theories. 
In  liny  ease,  the  diii'etion  of  th«*  iiormiil  and,  tliotf t'oiv,  tlie  ratio  of  the  plastic 
strain  ineivinents  generally  will  vary  along  the  path  of  loading. 

Soil  as  a  plastic  body 

A  perfectly  plastic  soil  with  consliiiit  frietion  angle  tnay  Is-  jiostulatod 
in  an  attempt  to  obtain  a  first  appin.vitnation  to  tin-  hehavior  of  a  n-al  soil 
Some  predictions  of  tliis  cnitriiioiis  iilcali/atioii  an-  |•(•1llarkal)ly  "(mmI.  NYlu-n, 
for  instance,  the  inability  of  a  soil  to  take*  ajipiteiable  tension  is  taken  into 


Fig.  n,  -  Mirfarrr-  estnl'lijlicil  l.y  tlio  pnlh  of  lonilinp. 


iK-cniint  ^e^lt-ofl'  circle  of  tig.  |l.  the  comgtutetl  critical  height  '  of  a  free  stiimling 
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ill  the  Usual  notation. 


.■\!.so,  in  pbioc  sirain  rigid  lawly  .sliding,  tin-  lines  of  failure  arc  either  straight 
lines  or  logarilliinic  .spirals*.  I’nfurl  unalely,  howi'vcr.  tin-  ilihitat  ions  which  are 
predicted  to  ;u‘cumpan,\  tlie  slu-aring  .ictii-n  an  *-r.ornuiusl.v  in  csccss  of  tlio.se 
olisi-rved,  a  point  ein)ihasi/.ed  by  Ifriiu-li  ilanseii  *. 

The  eoncept  of  a  .soil  as  a  ■» oik-hardcning  matei  i.d  wa.s  in t  rodut iMl  * 
to  ohiain  elo.scr  i-orrelation  betwcii  iilcali/atioii  i.nd  reality.  This  previously 
rci>ori  d  <|ualilati\ »'  agrei-im-ni  of  esperiun  iita!  tlata  from  full.\-  drained  Iri.nxial 
te.sts  on  a  silty  clay  with  a  pn'dieted  ini-re:is(\  deercase,  or  no  change  in 
volume  was  highly  gralifyinfr.  I-'ig.  4  shows  a  plot  of  tlie  plastic  strain  increment 
vectors  of  the.se  te.sts  in  whieii  the  elay  was  jirc  consolidated  to  H.  then  imloaded 
h,v(lrostatic:dl.v  in  t'  or  I)  or  K  a;;d  linally  sub.jeelcd  to  increasing  axial  stress 
to  failure  nt  the  line  U"l-’.".  Vielors  nonn.il  to  (>lt,  the  axis  of  s,%iiiinetry 
111  principal  stress  space,  iiitlie.ite  zero  plaslii  volume  ehai'.ge,  vcciors  ladiiiod 
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—  in¬ 
to  tlie  ripht  of  ihis  nurniul  iudiouto  volumo  dccroiisf,  iI\om‘  to  tlu*  loi't  iiulieutc 
volume  inen-nstp.  The  diishHl  lino  is  the  app.irent  yield  suvfiicc  cstnblished 
by  the  i-omnion  piv-eoiisol  hint  ion  pr«'ssine.  Kxeept  for  iHjiiit  O',  the  iiorni.nlity 
condition  is  met  very  \v ‘11.  The  volunio  ch:ui<:e  is  s»‘eii  to  approach  zero  as 
the  failure  line  is  reaehwl.  - 


“0"v^  =  LATERAL  PRESSLT-E  psi 

i-’ij;,  4.  — •  Mihiii*’'!  iriMxinl  roiiii»rf*«‘'!t»u  tf.'l  «*n  a  miioltii**!  >ilty  clay’’.  Mnxiiiiiini 
t>r  it>u  ICO  X  iaOiraii**.  y’u‘M  j\ohit  ;  niuxiintim  <7^. 

It  is  ch'jir  that  no  tstnvvx  \i«'ld  curve  cun  he  drawn  which  is  iiorinai  to 
tlie  I'laslic  strain  iiicrcmcnl  victors  hcxoinl  tin  initial  yield  ciu'M'.  As  mentioned 
jncviously,  theri'  is  no  reason  to  siipiiose  that  the  yield  surt'aco  cstahlished 
by  loadiin:  f'roni  t'  shoiiM  he  th.e  saine  as  that  ohtaiiied  from  any  other  jioint 
Mieh  as  1)  rn‘  K.  Sliirld  anil  .leiiike sny^est  tlie  i>o>5iltility  of  an  intrinsic 
corner  at  failure  ami  al'rin>t  (■han;.;es  in  the  imsitiou  of  a  pyramidal  yield 
svtrface. 


lloycvor,  Henkel’s  <lftta  on  iKjth  drniiietl  end  undrnined  samples  deinons- 
tiiites  (luitc  conehisively  that  the  prceonsolidution  pix-ssiii-e  and  the  existing 
state  of  stress  do  deteiniiiie  the  state  of  the  soil.  This  contradiction  with 
existing  forms  of  plasticity  theory  eaiiiiot  l)e  passed  oft  liglitly. 

Another  indication  that  I’onveiitioiial  plasticity  tln‘<iry  does  not  apply 
fully  to  soils  is  that  at  rcss  si  rain  eiiivcs  for  soil  gciicniUy  ivach  a  maxi  mum 
and  then  drop  off.  This  is  not  in  acisnxl  with  the  tuiidaincntal  [xrstulatc  and, 
if  the  discrepancy  is  very  niarkrsl,  the  oixliiiary  tlusiry  of  plasticity  cannot 
provide  a  suitable  dc.seriplioii  of  the  Islnuiof  of  soil. 

Too  much  should  not  1k'  expected  of  any  i«lcali,'alioii.  no  matter  how 
elaborate,  of  a  complicated  heter»igcnous  substance  like  soil,  for  many  purposes 
the  very  roi'^th  agivemciit  in  general  eharaeteristics  of  a  work-haivleuing 


Kig.  5.  — -  Curvc.s  wtih  marke<l  (teaks  itu  fit  wUhia  istri  »'cnlit»nal  pla-^licily. 

ntalerial  and  actual  soil  will  Ik*  ade<)untc  and  f«)r  some  the  pcrtcctly  plastic 
as,sumpti*>n  is  suflieicntly  gtsKl.  A  distinction  must  be  drawn  lM*t\viwn  den.se 
and  loos4*  sands  and  bctwisoi  ovcreoiisolidiiled  clay  in  situ  and  remolded  elny. 
The  loose  sand  and  Ibe  ivmoldcd  clay  Ix-bavc  more  in  accordance  with  conveii- 
tior.al  plastic  stress-strain  ivlatiinis,  the  ilcnsc  sand  and  the  undisinrhed  clay 
peak  v.'iy  markedly,  fig.  5. 

There  is,  of  course,  no  reason  to  restrict  thinking  to  the  type  of  plasticity 
theory  whieli  is  suitable  for  metals.  Points  on  tlie  yield  curve  o!  fig.  4  represent 
.states  of  strc.ss  with  dilTcrent  water  c'.nitcnt.  Tlic  curve  of  constant  water 
content  makes  an  aj)]*iH‘ciable  angle  willi  tliis  yield  eurve.  Tin*  water  content 
of  a  clay  is  a  highly  significant  varinlOe  and  sitonid  somebow  be  included  in 
tlie  development  of  an  appnipriate  ibeory.  Stored  and  dissipated  ei\ergy 
certainly  are  functions  of  wattT  eioitent.  It  wiutld  seem  likely  that  a  far  more 
oomplieati'il  noraialily  ctiinlitiun  would  have  to  la*  louiul.  No  sueb  tlieoretieal 
deve!iipmei\*  lias  yit  bei-n  attempted  bill  it  would  seem  to  otVer  real  promise. 

Soil  as  ft  body  with  friction 

Soils  are  ib'seribed  as  liaviitg  both  robcsioii  e  and  internal  friction,  <f, 
fig.  I.  If  they  are  truly  frictional  in  Ivhnvior  tliey  are  not  plastic,  or  rather 
to  the  extent  tliat  they  an-  frietional  they  an'  not  plastic  and  vieevei-ia. 


t!»p  Itnul  it'  tlipn*  is  n  p<»ssiblc  way.  Thooix'Pi  2  stati's  that  if  a  path  of  failnre 
I’xisls,  the  S4»il  will  fail. 

If  soil  were  work-haialeniii};  to  itti  imlimitiHl  extent  then'  would  be  no 
diffieulty  iK'eatw  there  mild  Ik*  no  failnn'.  Tins  ideal  sitiiatiun  is  irndevunt. 

If  suit  trrrt  irtnk-hunh  iiinii  with  an  open  limiting:  stress  surfuoc,  such 
as  the  ('niihnnh  emnlition  as  f«nitid  hy  Henkel''  and  ilhistiatisl  in  h;'.  1  and  4, 
tlu  ie  would  he  trrave  diffieiilties  in  analysis.  The  plastte  stniin  ineivniont  vector 
is  iinrnnd  t<»  the  londint;  snrfnee  hut  it  is  not  iionnat  to  the  limiting  smfnco. 
Although  this  is  a  somewhat  esoteric  point  it  is  hy  no  means  a  trivial  one. 
The  pniof  of  the  limit  tlieon'nis  is  intimately  related  to  the  I'uiidamental 
postulate  ou  whieh  noniuility  lo«»  is  hast'd.  The  upper  lionnd  theorem  2  is 
tiol  even  iiieiiiiiugi'ul  iKs-nuse  the  dt-formation  pattern  dts-s  not  determine  the 
ilissipatioii  iiiiii|Uely.  The  sum  «if  the  prineipal  stresses  niiLst  Is-  known. 

If  xnil  iiu  rr  f rii  luiHitl,  precisely  the  saase  tliffieulty  wonlil  arise.  The 
uoiiual  stress  ou  tlie  plane  of  sliding  governs  the  dissipation.  Furthermore,  it 
has  heeii  slunvii  '•  that  the  lower  liound  theorem  I  dths  not  hoh!  for  frielioiud 
systems.  I•'riet  iotiiil  .systems  «lo  not  neeossarily  do  the  Ik-sI  they  ran  to  resist  load. 

Thei'i'  is  a  strong  temptation  to  igiioii'  all  thes*'  eonsideratioiis  and  to 
solve  partieiilar  prolileiiis  hy  s|*eeial  teehniiiues.  .Ml  too  often,  however,  tlio 
teeliiiii|ue  will  lie  fouiul  to  have  hidilen  in  it  the  hasie  i»hilos«*|>hy  umlerlying 
oiie  or  both  of  the  limit  theorems.  If  so,  and  if  tlie  perfectly  plastie  idealization 
is  iiot  appropriate  for  the  soil,  the  answer  ohtaineil  will  he  without  signidcunre. 
Ihdper  ilutii'eiiis  which  inuvule  usi-ful  aiisweis  must  ho  developed. 

Till'  following  upper  iHt.ind  tlieoiem  would  seem  to  pmule  a  reasonable 
design  or  analysis  proeeduiv  for  a  irietionnl  .soil.  It  does  not  bave  nnivcr.snl 
\  alidily  lu-cause  it  stales  tlial  failnre  will  oeeiir  if  at  all  j>us.sihle However, 
for  a  .soil  this  eoiieejit  imi.v  not  !»•  tim  eonsmvative- 

bhiilure  should  be  a.esnim'd  tii  oeeur  if  for  a  p.tltri-ii  of  deformation  the 
work  done  by  tlie  apidied  I'oreos  exe»s-ds  the  allowable  dissipation.  Tile  allowable 
dissip.it ion  is  to  be  eoiuputed  from  any  e(niilibrium  disirilmtiou  of  normal 
•sti'cssi-.s  on  the  assumed  surfmo  of  sliding. 

Tlie  Swedish  eirele  metluKl  then  wimld  be  elassid  as  giving  an  upper 
iHiuiid.  That  tills  is  the  general  feeling  is  e'  ideiieeit  liy  a  iiundM-r  of  attempts 
to  obtain  a  euiivenieiit  lowi-r  answer. 

Tin-  same  tlieoreiu  would  seem  reasonalih-  for  a  wm-k-liardi-niiig  soil  with 
the  allowable  dissipalioii  eoiuputed  from  an.\'  eiiuilibrium  ilisUibuliou  of  stress 
and  the  iissumed  defonnation  pattern.  .\s  for  the  fiii-lional  i-a.s««,  tlic  word 
eijiiilibrium  inrliules  Inith  internal  and  surfaee  traction  eonditiims. 

Concluding  remarks 

Intensive  eft'ort  is  rcipiireil  in  holii  lalMiraiiuy  and  field  studies  to  detenniiic 
the  basic  nature  of  the  stress-strain  relations  foe  soil,  A  inueh  denrer  distinction 
can  he  niiide  in  the  liilioratoey  In-tween  pl-nstie  ami  frietiona!  aetion  if  the 
l>atli  of  loadiii);  is  more  eonii)letely  under  control.  true  tviaxial  appiaratus 


is  rcquiivd,  one  iti  whioli  nil  tlivN*  itriiiripal  st losses  n>;iy  be  viuiod  indepen¬ 
dently.  Follovviii}'  earlier  wink  nf  llvorslev  on  the  riiiR  shenr  apparatus” 
oiul  of  Malishev  '*  on  the  moiv  t'eiienil  triaxial,  a  oombiiied  triaxial  and  ring 
shear  apparatus  was  foiislnieted  hy  Ilaytliorntluvaito  while  at  Hiown  Uni¬ 
versity.  Results  obtaiiHsl  ”  .stn'ni  to  e^uiniiii  the  exisionee  of  a  liiniling  stress 
sui'faee  but  one  which  may  well  Ik-  )|uile  aiiisotropie.  rnrnrtuiiately,  little 
light  has  yet  Iktu  slnsl  on  tlie  «|iiestiuit  of  plastic  vs.  frictional  behavior. 

The  main  point  to  keep  in  mind  is  that  satisfactory  answers  cannot  be 
computixi  for  the  siin|»K'si  prublems  of  hmd  earr>  ing  eapaeity  until  the  stress- 
strain  iK'havior  of  i-aeh  of  the  various  classes  of  soil  i.s  claritied  and  the 
appiDpriatc  extensions  of  the  liiuit  ihetuvms  have  hccii  developed.  Until  tliat 
happy  day  the  ciigiiu-er  must  cuiitiiiiic  to  rely  almost  exelusively  mmn  full 
scale  and  iiukK-I  exiieriinents. 
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of  a  l«>o:*e  un'liutu  in  llu'  limit  .'•lalo  ''f  (in  Kn.-sinn).  I/.v.  Akr\«l.  Nawk 

'r*  t-kh.  Naiik  ii.  7,  pHi;,  I’Ji!  K12,  July  I’.'oK 

15)  Jloytlmriilliwailr  U.  M,  sir*  -.'*  uml  .'•Imin  in  Ikn.tH’Jin^s  2ml  Xiival  Stniciufal 

(Mrowii  rniv»‘r<*ity).  V*'j;,:tuinu  l*n'».  pitU*  l^'-'i  ll*.!, 
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E.  liEELAlVE.  —  .lo  vi'iix  M'lilfiiifiit  .'ijriiiilf’r  iliins  Ip  rns  du  sol,  uno 

<U' format iuii  irn'vorsililp  piis'cihIiv  vniisi'mliliililcnunt  uipr  atiisotroliii*  rt  <|iip  I’liitro- 
duptiuli  <1p  «*p  fnrtt'nr  sorn  iprolinhlcnit'iit  in‘t  T'.viiir  |i(»iir  liu'iii*'!'  ims^i  roinitli'tiMUpiit 
•  jiip  |iossililp  Ir  roiiitMil'IpDH'iit  lip  Ip  ty(ip  ilp  iiiiili'iiiiiix.  Dps  icilipirlips  stir  pp  point 
soiit  Pii  potirs  ii  ri'iiivprsitp  ilp  tirpiiolilc. 

M.  JUUL  HVORSLEV.  —  TlipoiPlii-al  Miil  inpi  liiinii  s  hn  iiii|iliril  to  i-ivil  f‘n>'iiiopriii«r 
anil  iniiliililv  |inili|pnis  iiiviitvp<  inany  <iiii|i!iryiii<;  :i'~iiiii)il  lon>.  Tin-  iptinlnlity  oT  tin* 
inni'lip.'il  iiiptlioil.s  III'  ll|l|■ll>\illlillill||  is  iisiinlly  ili'li'iiiiiiipil  l>y  luiiipiii'isoii  of  tliQ 
|irpi1ii-l  pil  mill  iir|i|til  lii'liiix  tor  III'  |iii>loly|ip  si  rui-loi  Ilowpvpr,  it  slnnilil  lip  iptili/pil 
tiint  n"r«*piiipiit  Wtwppii  thi*  iin-iliplpil  mul  in  tiiiil  hi  Imvinr  in  iiiaiiy  lasps  iiiiiy  tip  piiiispd 
liy  poiit|H‘iis:il  iiP4  prrors  in  itip  iinlipiihnil  slpps  m  i>|ii  i  al  ions,  sin  li  iis  saiiiiilino.  tpslin^r, 
mill  nn.alysis.  TIiitpIoIp.  yront  l  aip  slnmlil  lip  l•^l•n■iM•:l  m  oi  iii'i'ali/nt ion  ol'  tlip  ipsiilts 
ohtniiipil  l»y  tbp  iiriii'lii  al  iiiPlInnls  ami  in  iliaw  ini;  i  oiirlasiniis  nilli  i'Ps|)pct  to  thp 
poirpptiipss  Ilf  till*  iailiviilual  o|ipriilions.  ’I'lii'  ti-lialiilily  ol  llip  inaitiiul  liiPthoils 
slioiild  1*0  iiivpsi itnitpil  wlii'tii'M'i'  niov  ]iiiih|pias  or  lii’lil  roinlil  ions  iu'p  paronnlPipil. 

A  inorp  rimnous  tln-orplii-al  analysis  ol  tin*  loohlpins  is  ilpsirahlr  its  a  (.niiilanpe 
tor  rPsrarpli  anil  I'lir  ilptriiiiinntioii  of  llio  limits  ol  ulitihilily  of  llip  piartii'nl 
laptliO'Is.  As  n  lirst  slpji  It  is  looiral  to  nlili/.o  llip  i  lassiral  llnolips  ol  ol.ist irit.v, 
(ilastipity.  ainl  vispo-p|ast irily  as  ilpvpioppil  lor  iilialir.pil  liivlios.  llowpvpr,  tlipre  nro 
in  ni:tn,v  rasps  potisiilpralilp  iIiIVpipiiips  hilwppii  tin*  iiroiii'itii's  of  soils  ami  iIiom*  of 
tho  tilt'nli/.pil  liiMlips.  Tin*  ••  ililTpipioPs  may  iiavp  only  a  minor  inlUipni-p  on  the 
solution  of  soinp  |>rohlpnis  hat  may  rtnisp  mi',>lpailimr  rrsalts  in  otlipr  rasPs.  It  is 
ilpsimhlp  that  l!i<*  iiillaiin-p  of  ililTpicniis  in  |iio|iprlips  ol'  iilpali/anl  hoilips  Up  pstimatPil 
ami  ilisi'Uvspil  anil  that  tin*  rlassiial  lliporiis  In*  lainlilipil  in  snrli  a  maniiPV  that  the 
si.p.'ial  iirujH'rtips  of  soils  an*  takpii  into  loiisiilpralioa.  Wlipa  piippi's  pi'Ospin'nii; 
solutions  of  soil  inrs'liaoii's  prohlpias  hy  mpan%  of  ihr  i  lassiriil  tliporips  an*  gmhlislipil 
in  journals  for  a|>|'lipil  malliPiiialirs,  PX|>laa.il  ions  of  notations,  s)iprial  ti  riainoloiiy, 
nml  unilorlxiiio  nssnin)*!  ions  ai  i*  nsnally  oniitti  il  for  llip  saki-  of  hrrvity.  llo'Vpvor, 
tliP  iiii'Insion  of  sui'h  ini'orniatnm  in  |>a)>pr;,  nrillpii  for  inainiral  I'liirini'piiinr  Journals 
ami  rualvroiiips  wonM  orp.illy  Iiiitpusp  tin*  nsi-fninpss  of  lunl  attrotion  ^ivpii  to 
.sijpIi  |ia]H'rs. 

Sonip  ol  tin*  vi-'ils  mpnlionpil  in  iIip  foipyoini;  pa  ray  ri!|)li  arp  lillpil  in  tin*  I'xrplh  nt 
IKippi  hy  I’rolpssor  Driirkpr,  who  ilparly  pvplaiiis  tin*  iissinnpl ions  anil  lliporptns 
wliirh  form  tin*  Imsis  for  tin*  tlipoiy  «>f  |ilasliihly  ami  tlnhr  iplation  to  the  artuul 
pronerl ips  lit  >oils.  lip  rproum/os  llip  mrii  of  inoililiral lolls  of  llip  rlassiial  lliporips 
III  isiii I'lirinity  with  (In*  spp.  nil  proppilips  i,f  sniK.  ami  it  is  l•■n^•oln■aliiny  to  Ipiirn  that 
sinli  tlipiirpliial  ilp'.plopiiipiils  ilo  not  piP'Piil  sprioiis  iHHiinll ios  hnl  sopni  to  In*  a 

jironiisimi  mnlprtiikintr. 

Thp  writiT  wiiiihl  likp  to  makp  'oiin*  su|i]ilriiu  nt;ny  siminrnts  on  .  nnont  know- 
lislyp  ami  insslisl  rP'Piirvli  lonrpmuiy  tlploiiiiatinii  aiul  slii  ni;lh  iiroj'i’itips  nt  snlnnilpil 
tiiU'-jrraiiiisl  soils. 

It  has  la*pii  known  for  many  yrars  that  shrariny  stips'is  iind  strains  tPinl  to 
prishn-p  a  volnnip  ilivn-a.-p  of  iiornially  poiisolulalisl  ami  liyhilv  nvi  i roii-orii’iato-l  play.s 
tt’asayramlp,  llhtj)  ami  a  volamo  imroasp  of  sironyly  ovri lon'ohilatisl  ilays  (llvorslpv, 


in.’lli  mill  Tlii-s*'  riinliiii;>  liiivo  iml  iilwnys  licoii  ni-ri>ji>i’i!  Ix-iiiiisc  somi’  of  the 

early  iiivi>lvi>l  ilnin^ri's  in  liutli  the  inenn  iinriiml  >treN>  ntul  tlic  tirviatorif 

sfresM’s.  lliiwcvi-r,  these  timliiiin  have  heeii  eoiilinneil  iti  reiviil  tests  by  llrnkrl  tlK^ 
li't’tO)  ami  others  iliiriii"  whieh  the  iiu-mi  nomiiil  sl*‘ess  wii.s  hehl  innstae*'  niiil  only 
the  ileviatoric-  stresses  xecre  ehiiiimsl. 

rnrreiit  kiioMh>il}:e  of  the  voliiiiie  eliaii};e  eharaeleristies  of  soils  is  limiteil  to 
those  oeeiirritnr  iliieinj^  ilirivl  einl  torsion  shear  tests,  iiiiiliiiisl  isnisoliilntion  tests, 
ainl  triaxial  tests.  Oe.ly  tlie  hitler  are  siiilnlile  foi  fiiiiihiineMlal  rt'seanli  on  llie 
firntilem,  .shox*  fJte  value  the  rmltal  or  hiter.sl  slrisises.  in  iHher  tests  rannot  lie 
ileleriaiiinl  or  estiinaleil  with  siillii-ieiil  aeeiiiaey.  Mntheiinitieal  ex|>re.s.siiins  Imve  been 
•levi'IojKsl  for  lh»“  relations  l-elween  viml  ratio  ami  iill-ioiiiul  or  hyilroslntie  pressuiie, 
linta  on  volume  than,i;es  ilnniio  other  axially  s\ ne.iiet rieal  stress  roiiilitioiis  are  available 
in  form  ol'  tin'  isiiistant  voiil  ratio  loiitonr;.  ile\elo|»eil  h\'  llenilnlie  tltilttl,  lttll7)  ansi 
exlemleil  tiy  Henkel  lltl-i's.  lll.i'.t).  'fhe  lif'l  la'k  \ioiihl  la*  to  ilevelop  mat lieiiiatiral 
expre-. sinus  tor  tln  -e  eniiloiirs.  The  ultini.ile  nlijeil  slnnih!  !«■  to  olilniii  expeiinienlal 
ilata  ami  tlevehip  matheinat n  al  i  v privs-ioii  lor  the  volame  i  haiiee  raii-isl  hy  an  arhilmrj' 
eliaii^rt'  Ilf  any  jirimi|ial  sliess,  K jelliiiuii  tliftti)  i-iiiisi rmtisl  triaxial  r(|iiipiiii'iil  nn»l 

performeil  a  liliiitisl  niiniher  of  tests  in  who-h  iinlepemleiit  vaiiiiluill  of  uliy  one  nf 

•  he  thri'e  prinei|.al  stresses  was  jiennilteil.  I"iiilher  ili'velnpiiienl  of  this  tyjie  of 
eipiipiiient  is  neisleil  hut  '.lilliiiill,  as  slaleil  by  Prolessor  nnirker. 

.\i1i1itioiial  iiixestiualioiis  of  the  iiitliieiiee  ol  the  rate  of  loail  i!i>|'lii ntion  ami 

of  slruelural  amt  ihixol  loj'i'  ilistiirliaie  l•■•  l  aiiseil  hy  tlisioi  I ioiial  strains  are  nenlixl 
also.  A  lest  spixiinen  "liieh  lias  lueii  lo'i-oliilaieil  innler  a  tiiv.-a  all-roniii!  pri-ssure, 
then  reiiiiilileil  ainl  siihjislisl  to  llie  saiiti'  ali-roiiiol  pressine  will  iiiiiler>;o  an  aililitional 
voliiiiie  ihm:;ie.  Siniihirly.  it  is  possltih'  that  .li -liiil ioniil  strains  iliiriin;  ii  triaxial 

slreiii:lli  te  t  may  eaiise  t liixoi riipie  elianjres  whieh,  in  Invii,  (tiahle  .TihlirMiinil  volume 
eliiiinres  to  lake  loiiee  liniliT  a  'onslaii!  mean  sin-ss.  The  i|Heslioii  then  mist's  whetbel* 
these  Volume  eliaiiu''.  ia  I'lierny  ispialioiis,  shoiiUl  he  allriliiilail  to  the  iiieaii  stress 
anil  oiiij'  iiiilireelly  to  tlie  I'.eviiitorie  stiesses.  Ai  lonliii':  to  ri'  i  ii!  iii\e'lii;iilioiis  by 
Mill-hell  (Ittdti)  mill  Hishop-.Mpan-IHijthl-ltiiiialil  tl'.hi''*),  lh;xolri'|)ie  i  l;:ini;i“t  in  ilefor- 
iiiiilii'H  ami  streiit.'lh  ehaiaelerisl ies  of  elays  are  inanifesteil  iiinl  exjiiailieil  hy  |•han^res 
in  pore  ivaler  pre"lur  am!  elTi'i'tive  stresses. 

Fairly  rapnl  or  transient  loail  a iiiiliealioiis,  .sm  ii  as  those  o, ,  iii riiif;  in  iiiohilitv  ami 
Italbeability  prohleais.  eaii'e  only  neirlitrible  Volume  l•ll;•.ll^:^s^  sa'iirateil  rlays.  ITnler 
siirh  I oiiil'l ioiis  it  is  ol'en  loiiM-nient  to  ii)ii‘ra!e  w’lli  total  stresses,  bn*  a  lull  iimlcr- 
slaiiilinj:  of  variation-  in  s!reiii;lh  ainl  heiiriii);  eapai-ity  ri-ipilri-s  i  luisiilor.'it mii  of  tbc 
inflweiiee  of  ihainres  in  ]iore  water  pressares  ami  the  Tei/.io'.ii  eomept  lliiit  slreiiolh  ami 
ilefoieiatiiui  I  hanielerislie .  i  f  soils  ))riniarily  are  piveniixl  hy  the  elTeelive  xtiesse-,.  ; 
that  is,  the  •lilTereme  lielweeii  the  eiliil  stresses  iiinl  the  pure  water  piissiires. 

,\s  imliealeil  by  I’rofe-sor  nrin-her,  it  has  loii^  been  known  that  the  sf |•l'll^rtl^ 
of  snturaleil  am)  inmimll.v  eon  .oiiilate.l  elays  l  aii  iw  expressoil  as  a  si;,;),lc  ex|i-oiieiitiHl 
fiiin-lioii  of  tie,'  voiil  ratio  nr  water  eoiiteiit.  llov.e’.et,  more  reront  invest ij.::il inns  by 
Till  lor  (Ill'll,  Iho'i),  lli  iiki’l  tlil.'-s,  l!)(;fi|.  mill  others  show  that  lie  s!renr:lh  is  mil 
ilefmeil  by  the  voiil  lalio  almie  hut  is  also  a  fiiiiilion  of  the  relative  valiio  of  tlu* 
inteniieiliiile  primipal  stress  iii  faile.re.  For  iniislaiit  vimi  nilio,  the  strrnf.rtli  ohtaiiiex) 
in  triaxial  rojiijii essioii  te..|s,  a,  '  •  a..  a.,  is  l  onsiih  ralily  uix'aler  than  tlnil  ohlaipotll 

by  triaxial  cxleii-ion  tests,  o,  ~  These  il'.ireri'ni'i's  in  •.ti!i'i;lh  arx*  iiaitiiilly 

explniiieil  by  iliirerniees  in  pore  v.ater  pressures  ami  ilToetive  stresses  iiinler  the  various 
test  eondilions. 
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Tlie  rnnstant-Yoliiinc  stroimlli  of  floys  may  al.-o  l)c  exprrssfHi  as 

a  I'uiu’tion  of  (lie  void  ratio,  l»ui  tlic  function  w  more  cumplinitril  tlinii  for  nunuiilly 
consol idnted  clays,  .siiiiT'  (ho  sln'nudi  i»f  uvrrk'on.solidaiod  clays  also  ilriirnils  upon  llie 
sirr.ss  history  of  (lie  ssiil.  As  <liscnss<-ji  later,  tlu'sc  relations  may  hr  'iniplcr  for  surface 
soils  wliicli  have  Ih'cii  siilijcrttsl  to  many  cych-s  of  drying  aiiJ  swclini}'. 

Stu'ss-slraiii  curves  for  uiiilis'urlicil  clays  siihjecttsl  to  fuirly  mjiii'  or  transient 
loiuliiij;  (jciicriilly  cxliilvit  a  peak  value  followrsl  l»y  a  cmihial  dcitvaso  in  streagih  to 
that  of  a  completely  rciuolilcil  clay.  Tlie  latter  strenoth  is  of  in’cal  inijrortance  in 
(rallicaliilily  iiiul  nioliility  piolitcius.  .\ccoriiiii>r  to  tlic  isince|>ts  advuucisl  by  Roscoc- 
Scliolielil-Wrul  U  flSIaS),  the  slrc'ss-voiil  ratio  relnliiHis  of  lioniully  oiiustrliihttisl  and 
oici'ciiiisohilatisl  cliiVs  approiicli  at  preat  strains  u  «s>n\inoii  ccrilic.tl  void  ratio*  line. 
Tlurcfnic,  it  is  |iiol>oldi'  lluiL  the  st rciiKlh-'oril  ratio  iclatioiis  l«>r  ovcrcoiiisdidntwl 
clays  iiiuiicdinlcly  after  rcnioldiiur  apiiroach  llir  .simple  form  .<f  these  relations  fur 
iioniinlly  ciin-o!idate<l  clays. 

St rossst rain  ciirxcs  for  clays,  dclcrinimsl  ininicdinlcly  after  n'rnoMiiif:,  do  not 
e.vliitiit  a  pi-.ik  value  hut  a|i|Miini-li  in  tuna  the  siai]dc  curves  wliicIi  form  the  basis  for 
the  eln.ssjial  theory  of  plasticity.  However,  most  reuudiltsl  clays  iui.!ep,:o  a  Ihixotropie 
rcjtaiu  ill  siretiinh  with  iiurcasiiiu  time.  Tlii.s  rofinin  ia  slreni^h  is  ajvpro.xijiiatcly 
jiroportioiinl  to  the  lojxarillitu  of  the  tliiic  elajisisl  aflcr  ri'uioldiiijT-  -strc.ss-stmin  curves 
for  a  remold;-. 1  ilay,  •‘hlaiuisl  lifter  a  ihixotropie  n>p»in  in  slivnyih.  nsnnily  liiive  a 
peak  viituc,  allhouirh  this  pciik  may  not  la-  as  i>rououuc(sl  ns  tliM  for  the  .same  clay 
ill  iindisjurhcd  couii.tion. 

The  iiillucnce  of  a  po  sihU-  tlii.viilro|i;c  regain  in  slrcnylh  sImmiIiI  he  toiisidered  in 
the  C'erformaiiec  and  etaliialion  of  tnillieahiliiy  and  muhility  test-s.  It  is  probahle  that 
the  jHjssihle  nniuher  of  passes  of  a  vfliiele  over  a  yiven  ela.v  dejai.-it  tuay  lio  iiierrasi'il 
hy  inerea.-ii.i;  the  eh\|iseil  linu'  hetivtsui  the  iiulividiia!  passatres  of  vehieles.  However, 
tlic  innueiiie  of  a  Ihi.viit topie  re;niin  in  .strenjjth,  ohtiiined  hy  slopjiitij;  n  .siinrle  \eliielc 
fur  ai<  ni'pris'iiilile  lrii},'ili  of  lime,  may  he  olfscd  hy  an  increase  in  sinkugo  and 
ft  efirr(V.))iiidintr  iiicre'.ise  in  rolling  resisiunee.  us  demoustr.ilisl  in  the  pojicr  by 
SchilTnniii  (IttOl). 

The  laiui  iiil  and  orgaiiie  const  it  nrnls.  wnler  lonteiil,  jaTmenbdily,  and  eniiilliirily 
of  surface  soils  have  hecii  iiivcslignled  in  detail  hy  said  ))hysii-i-t,s  and  agioiioniists. 
It  is  desirahlo  th.nl  Ihe  dcfornuilion  and  streiigtli  ehanicteri  .lii-s  of  surface  soils  also 
ho  snhjccled  In  .sysletiialic  leseareli.  s.nce  llu'so  soils  an’  of  |•^in^ary  iiiterest  in 
triilliciihility  uiid  iiiohililv  jirohlems.  The  surface  s<uls  have  iK.’en  siihjis  tisl  to  iiiminiernhle 
cyele.s  of  wettiin;  and  ilryimr,  which  may  cause  the  sMcIliu;;  and  lem.’isolidnlion  curves 
to  n|iiiroiuh  each  other  and  1.  d  to  cslahlish  .simpler  relalioic,  Ih’Iihs’ii  void  nitir  and 
stieiigHi  Ilian  those  ohlaluiii,i.r  tm  ovei consoliihilisl  s.ul.s  from  dis'iHT  strata.  .-V  higher 
content  of  organic  iimller  in  surface  .soils  may  also  produre  iiiiue  proiiciinced  l!ii.Notro))ic 
and  visco  i’lnslie  pio]icrlie.s. 

It  is  apparent  lh;il  nuisiderahle  llus>icli<  :il  and  e.spci'iruent  al  n'rs-areli  io  Heeded 
ill  order  to  gain  a  liellei  iiui'ei'slaiiiliiig  of  ihe  deforiuatioii  and  strength  i haraeli’ri.stics 
of'  soils  ami  the  appliciilioa  of  this  knowledge  to  pinclical  prohleiiis.  Close  ci-sijH’ratioU 
lietween  theoreticians  and  e\])eriuiciilnl!sls  is  necdisl  in  Ihe  i.inniiiug  and  perfornmneo 
of  this  n’si'areh.  'fiie  fonaer  .should  recognize  Ihe  need,  as  done  hy  I’lofessiir  Hrneker, 
ot  taking  the’  speeiiil  jimiierlies  of  soils  into  eousideial ii'n.  and  the  latter  .should  jiliin 
and  iierform  their  esperimenls  in  sueli  a  luaiiuer  that  the  data  needed  hy  tin’  theorelisiaiis 
call  he  ohiaiiiisl  directly  lalhcr  than  indireclly  from  the  test  re.sulls. 


I 

1 

« 

* 

I 

i 


BIBLIOUKAPHV 


lii^hop  A,  \V.^  Alpftn  I..  K.  kii«S  l^avnaM  1.  K.  Kafturs  I'ont  rollind  ihf  .-trenglh 

of  partinHv  :^turatr<t  coht^ire  Miiils.  I'rm-mling^  ASCK  Upsearch  CoDferp net  on 
Shour  HIrpnjjth  «f  Culursive  I'niversily  of  Colursdn,  in  press,  .tune  ISittO. 

I'asagrniide  A.  nnd  All>ert  S.  <!.  R«-S4*n»rli  on  shearing  resistance  of  soils.  Report, 
MassacUux'lls  Institute  uf  Technsitogj,  t'aniliriitge,  IPSll. 

Henkel  1).  .1.  The  cxrrelntion  ItettriHsn  •lefonnntiiin,  pure  water  pressure  ar.il  strength 
ehnructerisiies  of  saturatesl  clay>.  Thesis,  I  niver>ily  of  I.onilon,  1)i.5s. 

Henkel  1>.  J.  The  relntiimship  lielneen  the  strength,  imre  water  pressure  ntid  \ii|iiine 
ehaugtf  eharaeterislies  uf  i.aliirate>l  elnys.  Cieulrs'lini<|iie,  vol.  It,  pug.  lll'  ldo,  l!t59. 

lloiikul  It.  .1.  The  relationship  i>etween  the  elTeetive  stresses  anil  water  eoiiteiit  of 
saliirnleil  elayis.  <ieo(eehnh|ue,  vnl.  lit.  pag.  dl-.VI,  I'.tiit). 

llvorslev  .M.  .1.  fon-lilions  of  failure  f»r  reiuuMed  i-ohesive  soils.  I’roe.  h'irst  Ini.  t’oiif. 
Soil  Moeh.  I'lmiol.  Kiig.,  t'ainhtiilge,  x'nl.  it,  (Kig.  .M'.'f.'t,  I'.t.lll. 

llvorslev  M.  .1.  I'eher  die  Wsligkeitseigensehn flen  ge.'lnrler  hiiidiger  Itncleii.  Thesis, 
piildislied  hy  l>niiiiiarks  Nnturv  idrnskalielige  Suiiifinid,  Ingeniorvidetiskalielige 
Skrifter,  Series  A,  No.  4.'i,  l'o|H-tihagen,  IPitT. 

Kjelliuuti  \V.  Itepirt  on  an  apparntius  for  eoiisiiinate  invesiigiitinn  of  the  met  hiinicul 
properties  of  soiU.  Hcih*.  f*ir.st  Inf.  t'onf.  Soil  Meeli.  Kouiid.  Kng.,  t’anihridge, 
V(d.  J,  png.  Iti  U".  I'.'dit. 

Mili'liell  .1.  K.  Kiindameiilal  asjieets  of  thixotropy  in  .soils,  I’riw,  Ain.  Soe.  Civ.  Kiig., 
Soil  .Meell.  and  V'oiind.  If-v.,  vo|.  Stt,  No.,  Slid,  Joig.  lll-.'iiJ,  Ithin, 

Ifendtilic  I.  Uelotiioi  In'tois-n  void  ratio  a. el  effeetive  piineipal  slresses  for  a  reinnldej 
silly  clay.  I’riH'.  l-'ir.si  lat.  tVnf.  Soil  .Me>.di.  Konml.  Kng.,  t  •uniliridge,  vol.  d, 
pag.  dS  .il,  ItKlti. 

Itendulic  I,.  Kill  (ifiiiidgeset/.  der  Tonmeehaitik  end  s»>in  experiineiileller  Heweiss.  ])er 
Hniiingeiiieiir.  vol.  is,  pag.  ■t.V.t-iiiJ,  |•t.^7. 

Itoscoe  K.  II..  Si'liotield  A.  N.  and  \Vti»th  t*.  I*.  t)n  vielding  of  soils,  (.ieoteeliniiiue, 
vol.  s,  ;.ag.  :.:t,  I'.IjS. 

Schifftenn  It.  I..  Analysis  of  the  di'plas'eii.enls  nf  the  ground  surfnee  due  to  a  nniving 
veliiide.  l'.n|wr  No.  it  f«r  the  Kirst  liil,  Onnf.  Mecli.nnics  of  Soil- Vehiele  Systems, 
Turin,  I'.'til. 

Taylor  l>.  W.  lieview  of  reseateh  on  she.nring  resisianee  nf  elav.  Keiant  to  the  I'S.AK 
Wnterwiiv  s  t'.Nperinu'.H  Station  I'v  Mns.snehnselts  Institute  of  Technology,  lsl55. 

Taylor  1).  W.  nod  '  lough  It.  II.  Kesearcli  sm  .s1ie..iiiig  re.si.'lnnre  of  cla.v.  Report  to 
the  rS.\K  iValerways  Kxperiiiieat  Station  hv  Massncliiiselts  Institute  of  Techno- 
logy,  m.'.!. 


I 


\  \  \  >  ^ 


N.  2 


Methods  of  plasticity 
in  land  locomotion  studies  * ) 


Studi  del  moviniento  fuori  strada 
secoi?do  la  teoria  della  plasticita 

It.  ?.!.  II AVTIIOHXTIIWAITK  ••) 


ABSTRACT.  —  Succfsafu:  ujtplication  of  plastic  methods  to  problems  of  iiheel 
and  track  sinkcpe  is  dependent  on  the  at  aifahilitp  of  convenient  methods  of  computation 
which  ere  tufficiemllp  ftesihfe  to  allow  for  the  extreme  rariobilitp  of  ground  conditions. 
In  this  paper,  the  basis  of  the  plastic  theory  for  soils  is  reviewed  and  it  is  shown  hou> 
quick  and  convenient  xpper  and  lower  bounds  to  carrying  capucilp  can  be  obtained 
bp  the  methods  of  limit  analysis.  As  an  example  of  interest  in  land-locomotion,  the 
problem  of  the  grouser  plate  isimulating  a  single  lugged  track  element)  is  treated  in 
detail  for  the  ease  where  ground  weight  is  neglec'cd.  The  paper  closes  with  n  brief 
reriew  of  the  experimental  basis  of  the  theory. 


Introdcctioo.  —  TIio  tluiuy  of  phisju-ily  pioviilr.s  tlii'  iin-.iris  \vhiTt>by 
pnit'lii'jil  » iijr-MMATiiif;  pi-oblcnis  <»r  uliinuiU’  siri')i>;tl)  cim  l>i'  solviil  tliro»i>:li  n 
kiumltNliif  «»!’  till'  liiisir  propt'ri’u’s  of  flit'  iiuitt'riol.  Ib'iiiii  piii'iilli'l  in 

«l<>v<‘It>pnicnl  t<i  oliisl ii-ity  tliftn-y,  it  rcst.s  tipon  ii  kinnvifilp'  ol‘  strt'.^s-.striiiu 
ri'l.ilutti.'<.  In  tho  l•JlS4•  of  soiU.  nuifli  f'.iinliiiitfiiliil  work  iift'tls  to  l)i*  Ooiit'  to 
i'sl<ilili>li  appnijti'ijitt*  strt'.'tx-slriiin  rrlolioMs  oinl  to  oxplort’  tlu*  roiisiMinciicoH. 
XfVt  i'lliflfs.^,  lilt'  Hfiioriil  itlfiis  «»f  pliislirity  Itovo  iilri'iitly  lu'cii  «it  fji'fiit  \iilui* 
tt)iHA*piiinlly  in  piAtltlcnis  of  soil  niffliiiiiu's.  iiiclinliit};  tht'so  of  linitl  locomotion, 
iiiiil  ilioy  lioM  urcot  pitiinisf  for  tin-  fnttirv. 

l’l;^•‘lil•i!;-■  tlu-ory  i.s  finiinlcil  on  the  eonci-pt  of  ii  .'tlul'lc  iiiiitcriiil,  ono  troin 
wliieh  Avork  eofiiiot  Ih'  extr.iftftl  in  iiny  lo.ulin;:  cyclt'.  This  ri'miiicmcnt  puts 
II  sovorc  re.'t  riel  ion  on  tin*  type  of  .stro.'.-s-,siriiin  ifliitioii  which  is  iulmissililc, 
coUsiii)'  it  to  In*  coniplcifly  (It'lcrininotl  hy  tin*  form  tif  tin*  yichl  coii'iilion  loi'  llio 
niiilfrinl. 

Ill  ihc  «*:is4*  of  soils,  the  yiohl  coinlitiim  proimsctl  hy  ('o'lhtmh*  is  now 
m’lifi'silly  iicfi'ptisl.  Thinking:  in  terms- of  i-ohesioii  oiiil  fi-ii-tioii;il  resistance 
iiei'os.s  the  |»o.ssihle  slip  jthiiies  in  it  mass  of  material,  t^ouloinlt.  postuhiteil  ihtit 
slip  «H-eni  ’  when  on  any  plane  the  .sliear  sli-oss  reaches  the  value 

r„  =  <■  — -  otaii*!*  (I) 

*t  Tills  iMjn-r  u;is  4iri;:tit:illv  I'l.'ji.-ir.-.l  fi»r  l.ioi.I  I.ivi'Omi'tiiin  1  .-itmi  lOnri'.  I  .  .s.  .\riny 
Orilimn**!'  Tatik  AiiliHiiot  i  v«'  Ih'i  ri»il,  Miidiij^an. 

nf  Kn(,;in*'rriiii;  Siirnrr,  The  I'li iT.-sily  nf  M Ann 
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wIkiv  c  is  the  <•  the  iii>ini;il  (tensile)  stivss  on  tlie  pliinn  :iinl  •1'  a  socoiid 

I'lnpifinal  constant  calKsl  the  anijlc  of  ittterna)  Irietioii.  The  eorivspomlinn 
principal  sti'ess»'s  can  be  rcpfesi  nlisl  convenii’Ully  in  the  Molic  ciiclc  constfiie- 
tion,  lip.  I.  l-'niliice  slates  a'v  rcjii-esentcil  !iy  circles  toucliinp  the  line  (li.  h'l-oin 
the  ti  ianplc  AUl’,  <r^ — ai  --  '2  e  cos  —  (tr,  4  w,)  sin  <]>,  w  here  e,.  *»,  ate 
princijial  slr»-sscs;  lieiici',  after  rcarranpeinent, 

«,  -  e,  tme  —  -.Vtan  (  -  “  '  — p)  <-) 

Ilerv  e,.  tr,  are  the  principal  stresses  with  the  preiitest  aiul  smallest  r.bsolnte 
vabie.s,  ivspccliv cly.  Ihination  (2),  with  appropriate  snbstitntions  for  a,  ainl 


tlofiiU's  the  yidd  surface  in  the  i)riiioii)iil  stress  spa«v  uitli  axes 
If  now  11  sirras  state,  rt'prfJMnitwl  by  a  rei-tor  fivrii  the  origin,  is  inerraswl  from 
zem,  yield  will  lx*  ineij>i*‘iit  when  the  veetor  niiehes  tlie  smTaee,  ispiution  (2X 
For  a  noil  strnin  hardetiintr  iiiaterial,  tlie  veetor  iviiieseiitiii}:  the  stress  litate 
nl  any  driven  point  eati  never  protrude  hex'ond  the  surfins',  ei|u:ition  (2),  other¬ 
wise  it  would  rejnvseiit  a  stress  that  the  tnati  riai  eoiild  not  stisfnin. 

Turniiij'  now  to  the  stivss-strain  relation,  tin*  stipulation  that  the  material 
be  stable  reuiiires  that  the  strain  rate  vivtor  is  always  nornnil  to  the  yield 
s'ttrfiiee  when  eorrespoiuVni;f  axes  are  siiiieriniposisl  -  (siv  fijr.  2).  It  <-Bn  be 
shown’  that  the  rate  of  *‘iiir"y  dissipation  per  unit  viilninc  is 

d  =  I-  vet  <!•  te,  +  e-.  +  Vj)  t3) 

where  e,.  e_.,  e^  are  the  prineipal  strain  rates,  and  that  the  iirineipul  strain 
fates  are  related  h.v 

+  - 

o 

when  e,.  e^  are  positive  and  by 

~  'h 

e,  line  ^ - — )  +  e^  +  =  0  (5) 

when  oj,  e^  are  negative.  The  rates  e,.  ej  and  e^  nnist  1h*  ehosen  so  that  the 
strain  rate  veetor  points  tuwaids  the  outside  of  the  siirfais*.  •spiation  (2). 

Sidiilious.  A  prohh  in  is  eonsidered  eoiniilelely  solved  wlieil : 

a)  a  stress  distrihntion  has  been  found  wliieh  satisfies  i''  •  tn'ss  Iioninlnry 
eonditioiis  and  the  (•(|natiuns  of  e«inilihrinin  and  also  diM's  ilate  the  yield 

eomlitioii  |2)  at  any  point;  r.nd 

h)  a  veloiity  distrihntion  has  been  found  whieh  sati-.i.s  the  velocity 
boundary  (oinlitions  and  for  wbi«di  tlie  eorres)io!idiii,u  strain  rates  are  assiK-ialetl 
with  the  stresses  in  the  inanner  iinliealed  alMive. 

Very  |\\v  jirohleais  have  been  solved  ex.ietl.v  in  tliis  seiisi'  and  the  teeh- 
nli|U*‘s  availaiile  will  not  he  diseussed  here.  One  solution  usefui  in  the  later 
disenssioa  will  he  deserihed  to  illustr.ite  the  features  usually  present,  but  the 
main  elVort  will  In*  devoted  to  a  I’.eserijit ion  of  approximate  solutions,  one  of 
whieh  will  he  i>resented  in  iletail  as  an  example. 

.\n  exaiM  solution  holdin;:  a  eeiitral  jilaee  in  land  loeoinution  stndii's  is 
that  for  the  imlenlation  of  a  flat  surfaee  hy  a  loii},'  Hat  pniieh.  Fi".  da  indieates 
the  direetioiis  wf  the  snrfaees  of  nu  i))it  nl  slip  assoeiat.*d  with  the  stre.ss  vli.strilr- 
Utioii  (i.e.  snrfaees  on  whieh  tl)  is  s;itis(ied|  and  fij:.  dh  indieati's  the  ]K>sition 
of  an  initially  si|uare  jirid  .ifler  a  small  downward  dis])l;ie»'ment  of  the  jniiieh. 
The  stress  field  was  first  obtained  l>\'  I’raiultl  in  Iti'iO*;  the  veloeity  fii'hl  was 
adiU’d  hy  Shield  in  IHad  '.  Klsewhere .Shield  has  also  extended  the  stress  tiehi 
tlirou”hout  the  ripid  ivj»ion.  to  eontirm  that  the  yield  eonditioii  is  nowhere 
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^iolatc<^.  Tilt*  ri'jiions  with  sti-nipht  slip  (fi«.  3  n)  are  regions  of  eoiistont 
stress.  Itopion  ABO,  in  which  the  nnixiiniim  principal  stress  is  vertical,  Is 
ycferrcl  to  a.  an  active  Rankine  zone,  while  ADK.  in  which  is  horizontal, 
it  an  example  of  a  passive  Rankine  zone. 


In  fi}i.  -5  <1,  imth  .MJt’  ami  .\I)K  movi*  as  ri(j;i(I  Innlit's,  shi“ai'in}j  motion 
oceurriiip  milv  alon^  the  honmlarics.  Ri\!'i«>n  Ad)  is  known  ns  a  repion  of  radial 
shear  ami  it  will  Ik*  tiiscussed  in  «letail  later. 

Few  other  «'om}i'ete  soiotioiis  are  known;  however  in  the  east*  of  i)lniie 
strain  (of  which  ilie  above  is  an  example)  tlieii*  is  a  latee  iniinhei'  of  stress 
solutions  in  the  literature  which  sjitisfy  condition  (a)  almve.  atul  the  majority 
of  these  eoiild  prohahly  he  eoinpletrsl  satisfactorily  hy  assm-iatinp  velocity 
fields  with  them.  Many  i>ailinl  so’.ntion.s  of  this  .s»»r1  are  piveii  in  Soko¬ 
lovsky's  hook  '. 

In  the  spci  ial  ej.si*  whmi  «h  =  0.  the  ino.lel  reduces  to  that  »-oinaiumly  uwhI 
tor  metals  and  many  sohitions  arc  availnhle  (sec,  for  inslaiice.  *'*). 


Ai)projri)nnlf  suhtliomt.  In  view  of  tlio  ilifliculty  df  ohl.iiiiin*;  exact  solutions, 
nppimimate  mi‘tliu«ls  ntv  frwiueutly  eniploywl.  The  most  sjitisfactory  of  these 
is  the  ItvIiuhpH'  known  as  lirait  analysis,  whieli  was  Hist  introduced  for  soils 
ill  1052  by  Driieki'r  aiid  l*nn»tT The  iiethod  rests  on  two  propositions 
known  ns  the  ilicitrcm*  of  Until  iiiiolysis  whieli  eim  he  stated  ns  follows. 


Tht  ujiiKf  Oouiitf  f/iiorftn.  tV.lnpse  must  oeeiir  if,  fev  any  eompatilile  flow 
pattern,  the  rate  at  wiiieh  the  etstrrnal  forces  do  work  on  the  hotly  wpials  or 
exeetsis  the  rate  ,of  interna!  dissipation. 

Tliese  theorents  were  established  by  l)iuck(-r,  (ivenlteri;  and  I’raner  "  for 
the  ease  of  slivss  iM.uswlr. r>‘  eonditioiia  deserilnwl  by  a  siimle  load  parameter  and 
by  Hill  '•  for  eases  like  punch  indentation  where  an  impesixl  velocity  is  uuifoi’iu 
in  niattnittide  aiul  ilinvlion  aloiiR  the  Ihumdary. 

The  actual  teehiiiipies  of  limit  analy.sis  are  best  e.Nplaiiied  by  means  of  a 
worked  example.  One  is  jtiven  in  the  next  section. 

An  example  of  limit  analysis 

The  example  j;iven  Indow  eon.siders  an  idealis^itioii  of  tlie  familiar  «  proiiser 
plate*  or  traek  tread  element  eoinmoiily  met  in  land  locomotion  jirobl  is  (see 
liR.  4).  A  vertical  pniusi-r  plate  of  len"lli  II  is  rigidly  attaclicd  ’o  a  liori/.oiital 
plate  of  leiijrth  L.  The  assembly  is  presscil  into  the  soil  by  a  force  1’  inclined 
at  an  aiiple  <>  to  the  liori/.onta).  In  this  examide  it  will  he  assumed  tiiat  the  line 
of  action  of  the  force  1*  Is  such  that  the  plate  is  displaeed  witheut  rotatiun.  Thus 
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jho  conditions  fonforin  to  the  usmil  practicnl  problem,  in  which  the  plate  element 
is  attached  to  a  vehicle. 

Firstly  cnidc  upper  and  lower  Iwunds  will  l>c  found  using  very  simple 
pictures  of  lK*liavior,  and  then  more  elnlwratc  pictures  will  he  used  in  order 
to  obtain  close'r  bounds.  In  the  proee.ss  several  important  practical  techniques  arc 

illustrated. 


t 

I 

t 

t 


I 


A  first  lower  bound.  —  t'«iii.siii.T  the  stre.ss  disi  rilnition  shown  in 
fig.  4.  Tile  soil  eanirs  a  •ominvssive  stress  in  the  zone  ABODK,  wliich  extends 
indefiniti'ly  into  tin-  soil,  and  zero  siri  ss  elsewhere,  tsinee  the  lati  r;<l  stress  is 
/■•‘IM,  tlu-  statically  .nlniissihlc  stre.ss  is  hy  (2),  — -2e  •  tan  ^  4-  <l'/2t  and  for 

iHiuilihrium 

!*'•  - 

1  L  •  >in  rt  T-  II*  i'li.-i  n )  Tnu  ( —  -  r - \  I G) 

.*  ^4  '1  ^ 

vvlion  n  <[  hO"  and 

I’*'  .!  •!> 

-  -■  2  L  *  sill  o  tall  (  - —  + - (7) 
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As  a  minu'ik-al  example,  cotisidor  the  ease  wlieix?  11  =  L  =  2  aiid 
«1*  =  30’.  Kcpiiition  (6)  applies  luul  tlie  h)\vor  Iwuiid  is  as  illustrated  by  the 
lower  eurvo  in  fig.  5. 

A  first  apper  bound.  —  Consider  the  pinnc’  .sliding  nicehnin.sin  sho\vn 
in  fig.  6.  To  «iini»«to  the  energy  dissipation,  wi-  nquire  the  dil.'itation  rate 
on  the  slip  band  .\B.  Consider  fli>t  ii  .slip  band  of  width  t,  with  points  on 
the  iiiiprr  .snri'aee  moving  with  velocity  v  relative  to  the  lower  .surface,  as 
shown.  Tlie  iumu/cto  rales  of  strain  aiv 


V  •  sin  ij 


V  '  ros  If 
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P  is  tlu’  losiiltant  of  tlii*  triictions  over  llie  length  L  and  II  which  bear 
upon  the  soil.  All  {Htitits  on  thcs«‘  suifuces  nmlcrgo  tlie  siime  dispinccmciit,  so 
the  upper  iKniiul  thcoieni  of  limit  analysis  can  l»c  applicil Thas  W  >  1)  or, 
substituting  (b)  and  (10), 

lie  •  COS  ♦ 

pu  = - 

X 

cos  p  PtIS  T  *i>  -f  — 

The  angle  /?  can  be  <  !ii>s>'n  to  mitiiiin.w  P’’  anil  we  obtain 
hence 

He  •  ff>s  ♦ 

pi-  - -  - — 

•!>  rt 

«S>3-  ( -  + - + - 

'  4  2  2  ■' 

The  liiw  <il'.  slip  eaiinut  iiiti'i'seet  the  horiz‘»ntal  jilate,  .v>  when  taii)5<^ 
Ij/H,  (11)  ajiplies  with  P  —  tan“'  (l./ll)  sul>stitutcd. 

Coiisidei  ing  the  ease  where  ll  —  1,  1.  2  and  30*,  (11)  applies  when 

P  <C  tan'"'  (2)  —  tid.-ld",  i.c.  when  a  ti.Sti’.  and  ( 12)  appliei  when  n  ]>  G.SG' : 
the  resulting  npi)er  lumiul  is  illustrated  by  the  upper  eur\'e  in  fig.  5. 

The  upper  and  lower  iKe.inds  whieh  have  Invti  obtained  diverge  sharply 
ns  rt  itieiiasi's,  but  tlie.v  almost  e<iinei»le  for  ft  =  0.  :md  tvinain  elasc  enough  to 
be  of  some  praetieal  use  up  to  about  «  =  10*.  Thus,  despite  the  simplieity  of 
the  pietures  whieh  have  iK-eti  emphived.  the  problem  has  Iwen  solved  for  mo.SL 
praetieal  purposes  in  the  ease  of  a  relatively  liigb  tr.ietive  effort,  as  might  occur 
on  slopes  or  when  the  vehicle  is  towing  •). 

A  Becond  lower  bound.  —  The  lower  bound  can  be  improvcil  by  intro¬ 
ducing  <1  more  cumpie.N  statieally  admissi!)le  stress  field.  In  making  a  clmicc, 
effective  us«*  can  Ik*  made  of  inlnition.  Tbi.s  is  one  of  the  features  that  makes 
limit  nnalvsis  partieularl.i  attrai-tive  to  engineers.  The  next  step  iniglit  be  to 
Use  the  field  shown  in  hg.  7  a.  Instiaid  of  one  theiv  are  now  two  zones  of 
imiform  stre.ss  wliieli  exteml  ijidi'tinilel,v  into  the  soil,  and  ;ilso  a  zone  formei  1  by 
their  intersictioii. 

This  stress  field  illustratc.s  the  use  of  disismliimity  surfaces,  wbicli  nix* 
well  nigh  essential  if  .zums  of  niiifonu  stress  are  to  Ih*  inatehed.  Diseimtinuities 
of  stres.s  can  arise  wiihout  violating  eijuilibiiinii  beeaus^*  the  conditions  of 
ci|uilibrium  across  any  surfaee  spe<  ily  only  that  the  tmrmal  stress  and  the  shear 
stre.ss  be  eonlinuons  across  the  snrfai'e  —  the  dirwt  stl■c.ss^'s  paridlet  to  the 
surfaee  and  on  either  side  of  it  need  not  Ik*  relalfsl. 

The  ajijdieatioii  ef  lliis  piini*iple  to  tin*,  presjmt  problem  is  illustrated  in 
tlie  Molir  eircle  e.,ii-'irii:'iiou  shown  in  tig.  7  b.  The  einde  marked  I  refers  to 
zone  I  in  fie  7a  -  tiie  pole  is  at  I’,;  similarly  for  eirele  11  and  eirele  HI 
(zero  radiu.'-),  toe  po'«.,  are  at  I’,,  and  1*,,,  vesjievtively.  It  should  Ik*  noted  that 

•)  If  '■In  iiM  lx’  null'll  ileif  ilie  of  llte  soil  is  being  aegtis'loL 


tlio  stivsscH  jwtin}?  nciNKvs  n  plant*  lyin”  in  a  parlienlar  <lim*lion  arc  givo>i  by 
llio  intoi-stTlinii  with  the  ciivlo  of  n  parallol  line  drawn  irnm  the  pole  of  that 
Mnlir  eii'clo.  The  state  of  stress  at  the  iJiseontimiity  betwts'ii  zones  I  and  II 
must  Im  repre'enttsl  by  the  inteiseetioiis  »>f  the  eoiiespond.iii)'  circles;  also,  by 
the  above  iiroperly  tif  |»oli‘s  a  line  from  either  pule  I  or  pole  II  whieh  is  parallel 
lathe  diseont  iiiuily  must  pass  throtiyib  the  inlerseelioii:  hence  the  three  points  arc 
eallitiear.  A  siniil.ir  arcuuieiit  apitlies  P*  l’„  and  I’l,,.  These  faets  serve  to 
establisli  tin*  relative  sizes  »»f  the  Mohr  eireles  anti  also  the  aiijile  «. 

The  a  ami  the  renuirisl  pn*ssuiv  Q  4-  K  (see  tifx.  Ti  are  related  ana¬ 

lytically  by 

1 

Q  -t-  U  =  I’eX  T  - N'  (1  —  cos  2  a  v  eot  (13) 


tvheftr  >;  is  ihiitmd  by  the  transecndental  eipiation 

(1  -f  1/X')  (si'.'J  (>/  —  «)  —  1/X*  ‘  eos'Jn  —  'in  2  n  n)t  ij  -  0  (14) 

A  mnnerieal  .solution  is  iieee.ssary  and  it  is  u.iteli  more  eonvenient  in  praetiee 
la  ttse  a  jirji]>hieal  nuisiruelioii  ba.stsi  on  the  M»>hf  eireles.  (’irele  11  eeinains 
eansttint  fur  ;i  triveii  r  .and  •!*.  anti  I’,,  can  Ih*  loeated  e.-isily  fttr  eireles  I  with 
various  ratlii  It.  The  anule  a  ts>rre.s|>tiutlinc  ttt  eaeh  ean  then  be  Had  olT  at 
oiiee.  The  etiiist ruction  Is  vidid  when 


(Tb 


tan  tt  <1  l./ll 


.\lx>^e  tills  value  the  vi>rtiral  log  iiitoifercs  with  zone  II  and  the  bouncl  is  not 
eleorly  valid. 

The  lower  euiwc.in  fig.  S  siiniiiiiii-istvs  the  results  from  a  graphicr.l  eoiistrue- 
tioii  for  the  ease  L  =  2,  11  =  1  and  «li  =  30”.  Comparing  figmos  5  and  8,  it 


0  20*  «0’  60*  80*  100* 
a 


Fig.  8. 

can  be  -seen  tliat  a  eonsiderable  improvemviit  lias  been  imnh'  for  the  larger 
values  Ilf  n.  The  lUitled  jiart  of  the  eurve  repre.sonls  the  ivsults  for  the  range 
where  (15)  is  not  satisfied. 

A  second  upper  bound.  —  The  upper  iMiind  (11)  is  valid  only  when  Inith 

terms  in  tlie  denominator  are  positive  and  lu  nee  when  a  <  — - - <b.  .\t  larger 

values  of  a,  a  moiv  comiiliealed  veloeity  Tu-ld  heooines  essential. 


As  ill  the  i-ftsc  of  tlu*  lower  lunmil,  intuition  tuny  lx-  usist  with  ndvaffage 
Ig  {fuide  the  clioicc  of  a  new  voloeity  field.  In  the  probhru  under  eonsidcration 
the  liinitinR  cases  a  -  =  0  and  *  —  00^  are  iiarlieidarly  valuable  as  a  soiireo 
of  idea.s  for  possible  deformation  patterns.  Tlie  case  a  =  *10"  Ls  <iuite  close  to 
the  punch  indentation  solution  (see  flj'.  d).  The  vertical  trrouscr  [ilate  interferes 
with  motion  to  one  side  of  tlie  center  and  may  or  may  not  increase'  the  carrying 
capacity,  dependinj'  on  whi'ther  the  soil  tends  to  pull  away  from  one  side 
of  the  plate  in  the  actual  incipient  motion.  If  it  did- tin  plate  would  act  like 
a  hole  as  far  as  soil  to  oi.e  sidi'  of  it  was  eoiiecrneil,  so  it  is  not  olu  ious  that  the 


slip  line- 
rigid 


radial  shear 


■vitr.  0. 


-slip  line 


preseiiee  tif  the  plate  would  always  iiierease  tlie  lo.id  eapacily.  .\e\ erllele^s 
wo  mijriit  e.xiH'ct  the  deformation  pattern  to  elian;/e  to  soiiul liiii^  like  tiuit 
shown  in  fijr.  tl  when  <*  a|^itronehes  0(1'. 

With  the  ahove  consideration  in  mind  tlie  defoi  ination  pattern  shown  in 
He.  0  was  eliosen  ns  the  I'asis  for  a  second  upper  bonid.  It  was  intended  that 
tlie  tingles  lie  optiiniscd  to  yicUl  the  lowot  upper  hoiKols  possible  with  this 
pattern.  The  enei'oy  dt>.>i]>at ion  is  eoiieeiu rated  on  the  slip  lino  and 

ill  tin'  zone  •  lH( llissipation  on  a  -iir.iiebl  slip  .siiriiee  has  been  di'aU  v.iih 
already  in  <i)ii:ieetion  witli  the  Hist  i!]ipi'r  bound;  tla  zone  oi  r.idial  .shear 
re(|uiie.s  fui'tber  special  colisidei a't ion  before  liie  i'ltai  sloi^y  ilissination  cnn 
he  eoniputed. 

Whi-ii  one  family  of  inci|>ient  slip  di’.-cctioi's  i.s  raiii.d,  the  niciiib'-rs  of 
the  other  family  will  he  inclined  at  an  anule  <1’  to  tlie  eii-ii'al'Meniad  direelicni 
(sec  He.  10  a).  .\n  increinent  of  K  rutli  of  one  oi  ti.c  i.  ltcr  slip  lines,  is 
r  •  di-l  see '!'  -  dr  •  eo.see  <I'  and  after  intei;r.ition 


where  r„  is  tin-  radius  at  '•)  ._  0.  Thus  the  .second  faiuil\'  i-onsists  of  a  set  of 
lotraritliinie  spirals. 

Ill  the  partieular  ease  of  the  radial  slnsir  /one  slaiwii  in  tiu.  H,  the  r.idi.d 
Veli'city  is  zem.  The  chanee  ui  the  eireiiiof 'l  eiit  ml  l  elvcity  can  be  feeia.i  by 
Usiiljt  the  projiei'ti'  th'it  I'X'ciisivins  alonp  ibe  slip  lines  ina'.t  lie  /eio  '.  l'tinsi[ler 
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rt  K'lif'tU  AB  nloiij;  a  slip  line  (fijr.  10  h).  At  A  the  velocitj'  v,  ii\  the  direction 
of  AB  will  lh‘  the  oi'thogoiial  projection  of  v.  If  AB  is  not  to  'extend  the 
projection  of  v  h  dv  at  B  in  the  siiine  direction  must  also  be  v,;  hence 


and  after  intetjration 
If  PI  =  0  at  V  -  Vu, 

a) 


Vt  =  '  1  »lv,  —  V,  tan  •h  d  0 
V,  =  AoS'*"* 

V  “  V,  s*-c 'h  = 


(17) 


III  polar  coordiiialc.s  tic-  dilatation  is 

1  6 


A  ^  - (ru,) 

r  6r 


1  dlls  6ii^ 

r  il)  t>f. 


(13) 


wliarc  n,,  n^,  ii,  arc  tha  \ elucilies  in  the  radial,  eiicimil'ei’fntial  and  axial 
dii'i'ct ions,  n 'iH  i-t i\  el,\'  (see,  tor  iiistaiiee ]'at;e  oG).  In  one  ease,  u,  ~  0, 
lU  --  V  and  u,  -  0  and  snhstitutin;;  (17) 


tan  ‘I>  •  o® 


(lU) 


Suhstitntino  .'It''  in  (  V)  and  iiite"i:ilino  over  the  zone  t)BC,  tlie  vale  of  energy 
dissipation  in  liie  zone  is  f miiil  to  he 

D,.  IIP  <•  •  i  i'l  'h  /  A  <1  V 

(-)  r  =  r,e®'""* 

I  I  1- v„  e® 1*  d  p)  <lr 

(I  «'» 

1 

- v„r„i(il  <!•  te-®  '"*  — 1)  (20) 


e 

$ 


; 


V. 


(20) 


-  -  40  — 

<! 

when  the  veloeily  Vo  iii  the  s.ime  at  nil  iwlii,  as  hi  fip.  0.  In  tlie  further 
analysis  it  is  couvonient  to  refer  all  other  veloeitii-s  to  a  unit  velocity  =  1 
of  tlie  riRid  zone  OAB. 

Coivsiderinfj  next  the  slip  siirfaee  AB,  the  veloeity  across  the  surliiee  will 
he  unity  ninl  its  Icnptli  (r.r/mi^  —  Illcoseer.  where 


K  -r  II  -  rut  7 

r,  - - 

r.in  rut  7  +  »o»  ^ 

is  the  leni;lh  of  OB.  Usinjj  (8),  the  dis-sipation  rate  on  AB  is  then 
1)^3  =  e  -  cos.'l*  «-<».'4'r7  (r,sin  (fi  —  il) 

On  BO  the  velocity  (17)  Ls  ♦  anil  rate  of  ilissipalioii  is 


(21) 


(22) 


=  rjee-**r  -  .le 
0 


r„c  •  rot  (ir  —  1)  (2;i) 


l•'illillly,  on  CD,  tlie  Icni'lli  of  whieh  is  tspial  to  Of",  the  veloeity  is  c*  '*"  ♦ 
ami  the  ilissip.ilion  rate  is 

=  e  •  is)s  >t>  '  To  (23) 

The  total  rate  of  encrfiy  dissipation  found  hy  nddiup  (20),  (22),  (23' 
ami  (24)  is  eijUiitcd  to  the  rate  at  whieh  work  is  done  hy  1*,  given  hy  1’  •  cos 
(n  —  7  *1')  to  proiliiee  the  second  tipfXT  hound 


pu 


c  r„  cut  *1* 

- [tl 

CO',  (a  —  7  t  '!•)  *■ 


sii)  *1*)  e •  ® —  I  + 


Isin  y  —  ll/r„  sin  if) 
sir.  7 


]  (‘2f>) 


Tlie  result  of  luinicrical  coinptitations  for  the  ease  I.  —  2,  11=1  and 
*1'  =  30'  is  sliowii  in  the  upper  enrves  in  fig.  S.  The  iipi>cr  hound  i2.>)  was  com- 
))Utod  for  Severn',  values  of  ^  and  the  eiivelojH’  of  the  n-sulting  curves  gave 
a  rensonahle  (.'stim.'itr  of  tlie  optiniinn  tiowest)  values  ol  I"  olitainnlile  from 
(2.*)).  An  alternative  hut  le.s.s  eonveniciit  proi’islure  wouhl  have  licen  to  ininiinisc 
(‘J.'))  hy  computing  the  derivative  with  ri'speel  to  ^  ami  eiju.nting  to  zero. 
(Note  that  r„,  7,  and  w  aiv  all  functions  of  ip). 

Exactly  the  same  upper  hound  pris'ednn*  can  1h‘  ap|died  to  the  jumeh 
indentation  easi’  illustrnted  in  fig.  3,  ami  a.s  expeelisl  the  correc.t.  ex))rcssion 


p  =  c  •  cot  ik  t.nii- 


(20) 


is  olitained  for  the  punch  indentation  pre.ssiire.  The  eorresponding  value  of 
I’/e  is  slioWii  as  point  A  in  fig.  8.  As  is'inarked  earlier,  this  value  is  not 
necessarily  either  an  npiMT  or  a  ItAver  iKiund  for  the  gisniaev  plate  jirohleni, 


Ki^'.  Jl. 


A  complete  solution.  —  F’or  llu*  inirtiiular  t  ;isi‘  n  -  0.  tin*  npitor  niul 
Io\v«‘r  hoiuuls  lu'iii'Iv  <-niiuM»U'  (fi}r.  fi),  .so  lliry  nui  1  ln>  I'losi*  to  tlio  truo  isirryiiig 

- 

<-j!j)iu-ity.  If  tiiTi  '  (li/H)  <  -- —  so  tliiil  ti2)  jipplii's,  tliis  upper 

l)i)UiiiI  expi'essioii  jjivcs  tin-  >iiuu'  os  du  loucr  luiuiiil  d’)  i'inl  tlie  eiii'iyinp 

eiiiuieily  is 

TT  <I» 

1'  ---  2  II  c  •  tna  (—  +  f2') 

The  solution  e.-iii  Is*  shown  to  Ik*  eoiti|>U'te.  For  ei)ini)leleiiess  the  xs'loeity 
field  must  he  shown  to  !x*  n.s.si>cinted  eoneetly  tlti'on;:)i  tin*  stiv-ss-stioin  low 
wi*h  tlie  stress  field  niid  it  must  be  .slH>wit  llnit  iit  no  point  in  the  .soil,  ineludinj; 
nil  snpptvsetlly  rijiid  zoms,  is  the  yield  eonditio*.  violnted. 
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The  ease  a  =  0  is  hown  in  fijr.  tl.  For  the  stress  stute  in  zone  ABCDK, 
the  Mohr  circle  U  ns  shown  in  liR.  llh.  The  ]»ole  is  iit  I’  and  slip  will  be 
incipient  on  the  [ihines  piii'iillel  to  I’A  ninl  IMl.  Tile  )issiitne<l  slip  surface  BD 
is  one  of  these  lines,  so  the  defoi'iiiation  will  Ik'  associtited  eorroctly  with  the 
stress  field.  All  stik*ss<.'s  aiv  either  zi-ro  or  :is  rejiri-si'iited  in  the  Mohr  circle, 
sit  the  yield  condition  is  not  violated  iinywhere.  l'h|uilihrintn  is  niniiitained 
iicro.ss  the  stivss  discontimiily  surface  UK  (the  nornial  and  .shear  strcs.sc9 
Kdiip  zeni  on  either  side)  and  it  is  luaintuiiied  in  zone  ABL'UK  providing 
tlio  zone  exti-nds  imlefinitely  to  the  right.  Thus  the  snlntioii  is  eoinpletc. 

The  extent  of  the  deroriuahlc  zone  can  he  found  ipiite  simply  by  reeiilling 
that  extension  along  a  slip  line  is  zero'.  Siiue  BC  ami  CD  are  rigidly  eoii- 
ms'tikl,  the  zone  BCD  moves  as  a  rigi<l  Ikaly;  since  the  material  below  L)K 
ri'niniiis  rigiil,  .\BI)K  imisi  also  hr  rigid.  Deformation  is  tlieii  restrieled  to 
the  slip  surface  BD. 

Plasticity  in  land  loconaotion  studies 

The  theory  of  plasticity  has  phiyeci  an  inijioitant  role  in  the  devclopinent 
of  Iniul  ItH-oinotion  eoiirepts.  One  neisl  only  mention  as  examjiles  the  notion 
of  wlu-el  and  traek  spacing  to  prevent  interaction  Ik'twiin  slip  zones,  an 
underslaliditig  of  wheel  sinkage  hy  alternative  sideways  or  back  and  front 
.slip  zones,  and  the  developiiieiit  of  the  spaeed  link  truck 

Of  sjH'eial  interest  for  the  fniiire  is  the  possiliility  of  nsiiig  pla.sticity 
thiHiry.  jiartienlarly  apiiroxiiiiate  limit  analyses  siieli  as  that  pioseiited  in 
the  inevious  .section,  to  make  (piaiit itative  estimates  of  vehicle  perfonnance. 
IJen-  it  slionhl  1h‘  noted  that  the  inethoiis  of  limit  amil\sis  are  llexible  and  it 
is  a  relatively  simple  matter  to  make  allowaiH'C  for  soil  jnopi  rticH  wliieli  vary 
with  depth  and  for  soil  weight.  Also  the  elTeets  of  design  iimdifieatioiis  can  be 
l•.\pI^n\kl  unite  easily. 

Ill  all  :.ueh  apjilieal ions  llie  inetlnkls  of  plasticity  stand  or  fall  on  tlic 
appiojiriateiiess  of  the  assumed  \  it  hi  eoiulilioii  ami  stress-strain  law  and  it 
i.s  in  this  area  that  experimental  reseaieli  is  most  urgently  retinirwl.  Kven  for 
sands  the  t'ouloiiili  law  has  not  hi'cn  eiiiilirini'd  heyoml  (picsiion  for  various 
levels  of  the  iiitermeiliate  in  iiieipal  stress  altlimigli  tests  under  a  punch 
in  plane  strain  .seem  fnll.\'  eoiisisteiit  with  tlm  tlieory  and  nia.v  he  neecpteil 
lit  least  as  eiremiistantial  esitlenee  it;  favour.  In  the  east.-  of  silty  soils”, 
the  evitleiiee  from  triaxial  tests  wmihl  seem  to  si'jiport  some  type  of  strain 
hardening  law,  rather  tliaii  itleal  idaslieily.  Tests  using  a  iiew  tri.ixial-toision 
nineliine  which  emihli  s  general  eoinjilex  stress  slates  to  be  ;ipplied  to  a  hollow 
eyliiidrienl  siieeinieii  have  heeii  eoiiipleted  roeently  at  Brown  University 
In  the.si’  test.s,  failiuv  was  shown  to  he  independent  t>l  loading  patii  —  a  neces¬ 
sary  isiiidilion  for  the  eslabli  Imieiil  of  a  reasonably  .simple  pla.stic  tlieory.  On 
the  other  hand,  eviilmiee  obtained  on  tlie  nature  of  the  tlow  rule  did  not 
give  full  support  to  tbe  theory  of  ideal  plasticity,  allhougli  the  results  may 
hove  been  oliscnrod  hy  the  ajipareiit  development  of  anisoliDiiy.  For  clays. 
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bflinvior  in  the  trinxinl  test  w  nlnxMt  entirely  coliesive,  which  suggests  nil  the 
solutions  develupinl  originally  for  nietiils  miglit  be  applicable,  but  again,  no 
infurnuitiun  is  available  on  the  effeets  of  the  intenuediati?  principal  stress. 
It  is  clear  that  until  tlu'se  fui\diuncntnl  questions  nit;  i-esolved  extreme  caution 
must  be  exeivisi-d  in  applying  jilnsticity  theory  and  cxperiineiital  coiifirniation 
is  enlled  for  in  each  new  application.  XevortheK>ss  the  prospects  are  good  that 
ns  our  knowKslgc  of  the  fuiulaiiicnial  projicrties  of  soils  inipi-ovcs,  an  important 
byprotiuct  will  be  an  extension  hi  the  nmge  of  application  of  plasticity  theory. 

Af’ K XOWLt^lmM h'\T.  —  This  slinly  whs  nimle  in  the  •sinrsc  of  ii  rcsenrfh 
prngriiin  in  .-mil  nicriiiiiiics  at  Mniw  ii  I'nivcrsily  wliieli  wn.s  sii]i]>ort<s1  l»y  I  he  Lointl 
lawoiiKition  IjilHiriiiiry,  ()r<liiHi\«  e  Tinik  -  Anl<>ini>live  Ooininand.  T.  S.  Army. 
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tluNivio;  »lrs  «'t  mil's  I'XiH'i  iiiioiitiilfS  in  uvri’l  I'lnirnir  ilos  iiiilii'nUons  |tri'i  irn.M'rt  sur  ce 
si'lu’iiin ;  ]i:irtni  rt's  im'tlioili's.  la  iviilisation  d’an  iiioilMo  oxiii'riiiH'ntiil  a  ili'ux  «U- 
iiinisiun.s  il'iin  innti'iinii  iiiilvpruU'iil  :i  I'liiilc  ili’  ri'iilraiiN.  <|iii'  nmis  iivniis  iililiM',  i>ouJ 
I'lri'  il’na  >rriiiul  smiars  —  cf  a  irnilU'nrs  ili'ja  n'nilii  lio  craiuls  M‘rvii-r.s  (cf.  1)  — 
tliins  roiiiploi  lies  iiu'l hodps  dp  piileid  <1p  |das('n'ilp  npidicjm'i'S  aax  soN.  (juidqiips 
iduitu^traiiliips  juisps  sur  pp  niodpli*  atialn^iipip  I'ouriiisspiil  nolnniiiipnl,  JHUir  I'ptudo 
:i  doiix  dinipiisioiis  dii  |iiot)lpiiip  du  di'inan-nsip  d'linp  nuip.  di's  iiidiputioiis  sur  I’pvo- 
lutioii  lip  la  t■(lI■IllO  i1p  la  zoiip  dc  cisaillpiavnl  pp  t’ori  lida  dp  la  j'l'ofoiidpiir  dViil'on- 
ppmpiit  dp  In  roup, 

1)  .T.  Hinrp/,  ntiri'l;  Contrilni'if.ji  i\  IV-tuilc  dp  la  fonp  ppnnntp  dos  fotidations. 
Adi’S  du  ('ini]uipnu'  Oouj,'»pS  Intpriiatlonal  da  Mpi'liaaiqup  dos  ji.ds  Pt  ilos  Tmvaux  dp 
Voiidntions,  I’aris,  lOtll. 


Analysis  of  the  displacements 
of  the  ground  surface  due  to  a  moving  vehicle  *) 

■IS 

Analisi  degli  spostamenti  della  superflcie  del  terreno 
dovuti  al  movimento  dei  veicoli 

litllli-lKT  SCMIKKMAN  ••) 

ABSTRACT.  —  The  protitem  at  the  tlisplacemfnt  ot  the  around  sur/aee  under  the 
action  ol  a  moriug  vehicle  h  treated  /rom  an  anali/tical  7>olnt  of  view. 

The  phytiral  mechanl.tmt  o/  soil  displacemcntt  are  presented  tor  the  purpose  of 
estahlishing  rarious  models  ot  behavior  oif  the  soil  spslem.  Visco-elastic  models  o/  soil 
behavior  are  postulated  on  the  basis  of  laboratory  tests  and  field  observations. 

A  theoretical  study  is  made  ot  the  Ji.splacements  ot  a  loaded  plate  moving  across 
the  soil  at  relatively  slow  speeds.  This  study  Is  based  on  theories  ot  visco-elasticity. 

The  results  ot  the  study  are  presented  in  terms  of  analytical  erpi  essions  and  curves. 

A  physical  interpretation  of  the  results  is  presented,  relating  lehicular  and 
soil  parameten. 

latrpduction 

TIu'  jirojKT  ii  voliiclu  r»'t|\iiro.s  knowli'ilj^c  iIIkI  cousitlornliou  of 

all  tin*  i'<»nnMHoms  aflVetin!:  vfliicU*  inokilily. 

Of  all  tia'  roinjHiin-ut.s  winch  play  a  pai1  ill  vi  liicio  inohilily,  tlu-  soil  is  tin’ 
niiist  varialilf  aii«l  Icasl  uinlci*slooil.  The  soil  also  .hiliits  tin*  most  coinplo.s 
propiMlii's  «>i  all  Jhc  mobility  loinininonls. 

For  rcaxiii  «if  soil  la'Iiavior  complexity,  I  ic  na.>l>ility  drsifjn  of  a  vehicle 
iinisl  iiol  only  Ik*  ivlat»-«l  to  the  soil,  but  to  the  veliieles  use  oil  a  jiartieular 
class  of  soils 

The  use  characteristic,  as  far  as  the  soil  is  eoiieeciieil,  is  I'le  weifiht  of  the 
vcbiele  aiul  th«*  sptsxl  of  its  movement. 

Soil  «’aii  Ik:  jrroiijMxl  into  thnv  basic  type.s,  ibese  beiiiii  jiraiiular,  clay, 
ami  iiiixtuirs  of  iiraiiular  aiul  cla.v -soils.  Hach  ol  llicse  soil  jiioup.s  has  certain 
si^iiiKcaiit  nnifyiii)!  cliaraclcristi«*s  Tb***a'  cbar;icterisiies  can  bo  used  to  juxslict 
soil-vchic U*  Is’liavior  for  a  jiivcn  vcliii-lc  mobility  coiisidevaliou. 

This  paper  tlevclops  nrlain  s»iH  di  foriiialioii  principles  in  terms  of  the 
vebirle  <*bar;ieti‘rjsties  i*f  sjassl  ami  weijiht. 

•)  Tlii«  |o|>.T  wnr<  iiri>;iiia1ly  rt,-|sir>-,l  for  laoi>l  t,o,-o>m>r>iin  t.ntiornlury.  P.  S.  .\rmy 
OrilnHiu'o  Tiiiik  .Xulonioiivc  i'oiinimna.  lH*iriiil,  Mirhiaan. 

•*l  l'riife>:‘i>r  o’,  .-oil  mectinnirs,  Kens.-elaer  Polytccloiic  liisliliito,  Tro.v, 

New  York, 
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The  soil  conskloml  is  a  clay.  The  vehicle  chnracferistics  atx;  treated  as  a 
loaded  plate  .sabjeeted  to  repetitive  loading. 

In  general,  the  Ixdiavior  of  the  soil  will  Iw  restricted  to  isotit)pie  innterial.s 
that  follow  linear  laws  with  .small  strain.  The  stress-strain -time  irlntions  will 
be  for  a  homogeneous  eoiitinninn,  although  considerations  of  soil  as  a  multi- 
phnoed  system  will  Im  iiiheivnt  in  the  anni.vsis. 


Behavior  laws 

Elastic  behavior.  —  The  stre.ss-strain  hehavior  for  n  homogeneous  linear, 
isotropic,  cla.stic  material,  e.xhihiting  small  strains  is  as  follows: 

;tK  —  2(t 

^  - 7^ - 'kk  S,;  -i-  a  8) 


I  0  i  ^  j 

\Vhcre; 

K  =  Biitk  nio<hihts 
0  =  islicar  mo<Iuh» 

Equation  (1)  can  be  separated  into  volume  change  eoinponents  (o,j)  and 
(ry),  and  deviator  eoaiponents  (sy)  iiiid  (ey). 


Sy  -  2G0y  (2  b) 

The  i-elations  bi-tween  the  volumetric  and  deviator  stress  and  strain 
eoiniMinehts  are: 

“o  «'»  — 8|)  <3 a) 

•■ij  =  'ij  — V:i*^kk  *0 

The  displacement  isf  a  loaded  j>late  on  tlie  siii  I'aco  of  an  elastic  Inilf-spnce, 
a.s  shown  in  fig.  1,  can  K-  expressed  as  follows: 

:tK  +  40  P 

II.  a - —  (4) 

40  (.'IK  t  (’.)  l  A 

Where ; 

w  "  Surface  dis|ilii(S’n)riif  of  jiliiti-; 

a  =  Oiimiefrie  conslant  depeiuhng  on  .diii))c  of  jilale  iiiul  laisitioil  wiierc 
di'jdjuemeut  is  nie.iMiml; 

P  =  Total  load  on  platoi 
.\  —  Aren  of  Innileil  plate. 


Thus,  the  surfiifc  uisplnocnicnt  of  n  plcto  enn  be  expressed  in  terms  of  the 
elastic  properties  and  the  imposed  load. 

Vuco-elastio  behavior.  —  A  viseo-elnstic  stress-strain  equation  differs 
from  the  elaistie  relation  only  in  the  faiet  that  the  stresses  and  strains  ,  are 
related  by  time  derivatives.  The  (>eiieral  linear  vis<-u-elastic  slres.s-stvoin 
t'liuntion  is: 


•  I 

Z-l '  "  Si*  /-/  ■  Si- 


Kij;.  J.  —  t.imilo.l  plii'e  on  Iifttf  space. 


K(|ttntiuii  (a)  Ciiii  bo  wi  inon  in  <ii>eral«n-  icnin  in  terms  of  volume  eliange 
■uitl  deviatorie  eompoiioiit.s  *•-. 

H(a,,)  -  to  a) 

M(s,j)  =  N(e„)  tOb) 

The  oporutors,  H.  .'i,  M,  N,  are  time  derivative  ojaTatois  multiplied  by  the 
material  eeotistaiits  jissoeiated  with  the  ei|uiv;deiit  stresse.s  and  strains.  Ky  this 
definition,  the  bulk  and  shear  modulus  are  first  ortler  operators.  As  a  resvdt, 
the  visco-elastie  stress-strain  law  is; 


.MS  — .\K 


'ij 


.^inee  the  viseo-olastie  operators  are  litionr,  the  riastie  surl'aec  displacement 
eipnilion  is  readily  converted  to  a  viseo-elastie  esjuation. 

N  (’MS  -t-  NK)  w  ^  ,M  (MS  -f  2NH)  1'  (t)  (3  a) 

a-.  I A 


Thus,  piveu  tlio  viseo-elastie  ju-uperth's  ol  a  soil  system  and  the  type  of 
loading,  the  time-displaeemenl  relation  can  be  developed. 
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Clay-soil  beliavior 

The  behavior  of  olaj's  eaii  be  sc'puratotl  into  three  components. 

1)  Volume  change  behavior. 

2)  Deviator  behavior. 

3)  Relation  between  volume  ebangc  and  devuitor  behavior. 


Tlio  first  two  c(im|ti>ncnts  listed  above  are  kiunvn.  at  least  for  a  series  of 
general  eonditions.  Tlie  third  eoinponeiit  is  as  yet  i|iiaiit  itatively  and  <iuali- 
tativi'ly  niikiiown.  I’or  tla'  i>urposo.s  of  this  naper.  the  isnipling  of  volnnu' 
ehaiige  and  <leviatoe  is  relatively  uuiinporlaMt  and  will  not  In*  eoiisidored.  It 
Muist  be  understood,  liowevvr.  that  in  a  ])rolotype  disigu,  the  iiiterdejvendeiUH? 
of  volume  elranpe  and  deviator  proiterties  will  suhstanlially  alter  the  inr.giiitudo 
of  tliese  jiroperties,  and  must  be  votisidered. 

Volume  chon-je.  —  Tlie  fumlamental  voluiue  elianue  theory  of  clay-soils 
is  the  Ter/.aglii  llu'ory  of  eoiisolidatioii 

This  theory  eonsiders  the  elay-soil  mass  to  be  a  simpltfiotl  siituratinl 
structure  of  ineoinpressible  pnriieles  and  ineompivssiljle  lUiid. 

From  a  rheologic  poij>t  of  view,  the  Ter/aglii  tlieor.v  develops  volume 
change  as  a  Kelvin  tmiterial 
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Tho  Trraiylii  tht-uiA*  wjis  «lvvt“lo|KHl  for  long  tenn  Ix'hiivior  uihIc:’  cuiulitiuiiM 
of  sustaintnl  loiuling.  Kor  n  cotiilition  of  short  rcjK'litivc  loads  the  theory  must 
bo  augnu'iittsl  \  The  nugmcntiHl  theory  of  volume  change  lx?havior  is  rhcolo- 
gieaUy  a  Burgers  matoriiil  *,  tuidor  stn'ss  (<»,)  and  strain  (»„). 

The  Burgi'i*s  niwlol,  as  shown  in  iig.  2  is  in  itself  not  sufficient. 

Tlie  bulk  luudulus  (Kj)  cannot  be  a  ron.stnnt.  If  it  weiv  constant,  the 
temiinal  vohuuotric  defurniution  would  be  indopcndeiit  of  the  imposed  strc.ss. 
From  ii-sts  and  mmly.st's  by  Bridgman  SixhI  \  and  Murnughun  *,  a  tentative 
bulk  niodulu-s  law  is  proposed. 

Kj  —  K,  +  Xe,  (9) 

Where; 

K,.  =  l{csi<Iiinl  linik  modulus; 

X  =  iStress  tiu-n'nicnt  iixnlulns. 

I'nder  sustaituHl  loading,  the  pro]>as(sl  volume  change  r.ioilcl  ntust  be 
compatible  with  the  oiro'ivatioiis  of  terminal  deformation.  Tims,  the  volumetric 
vi.scosity  (vil  must  incica.sc  with  a  dt'crcasing  volume,  ai)pro.u  hing  infinity 
in  the  limit.  .\s  the  lluitl  is  .>a|me/.ed  onl,  tlie  pores  tend  to  close  and  the  internal 
forts's  op|>osing  fluid  muiioii  will  inen'ust*.  As  a  result,  the  viscosity  (C,)  will 
inenast.'  Iwtii  as  a  fuuetion  of  time  and  pifssuie.  As  a  first  a|)pro.vimatioa,  the 
volunielrie  viscosity  (^,)  can  Ih*  considerctl  to  follow  ati  exponential  law. 

Cl  =  !«»•♦)  (10) 

Whore; 

-  loitinl  vise«»stty; 

a  =  t'onstniit. 

Tile  hulk  modulus  (K.)  expn'ssis  the  i-ITect.s  of  initial  and  final  derorination 
and  insiaiitaneous  ivversihilily.  ,\.s  such,  it  Ls  deiH’iideiit  on  the  magnitude  of 
the  iininjsisl  ,stros,s  ai\d  the  lime  of  loading  to  the  jMiint  of  unloading.  Since  tlic 
eflVels  of  imposed  stiv.ss  magnitude  were  considered  in  ixpiatior.  (9),  the 
variation  of  (K,)  can  be  considered  only  iji  terms  of  deformation  rever.sibility. 
Dbseivations  of  repeated  loading  tests'",  have  indientiHl  that  the  ins.antaneous 
revm-siliility  deerenses  with  lunnher  of  reju-titions  and  the  time  of  nrevions 
sustained  lo;uling.  tsinee  the  problem  eonsiders  only  a  limitid  number  fd’  repe¬ 
titions,  the  mmlulus  (1\;)  will  be  eonsidensl  to  var,v  onl.v  in  terms  of  the  time 
of  loading. 

F,  ---  ji,  4- ;i,  (1  —  e  ‘')  (11) 

Where: 

/i...  /(,  Hulk  ni-.nliili; 

It  ■  Constuni.. 


Tlte  sctstml  vohnnetrie  viscosity  (Z,)  can  be  thought  of  ns  the  initial  pormoa- 
bilit,v  ui  the  soil  and  a.s  such,  can  In-  l•unside^vd  to  remain  constant. 
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Tl»e  rosjwnsw  (»o)  Jue  to  u  hydi'ost;iti(.*  coinprossiop  (u#)  is: 


/««•<•  Ml  (I  — e"'")  "f, 


+  - (1  —  + 


K„  T  Ao„ 


(1— e-'/Ti)  (13  a) 


For  a  siiiplo  Kiiid-uiildnil  tlio  rosponso  is  ski  trliod  in  fip.  3. 

As  shown  in  fij?.  3,  llir  sti’iiin  tiinr  iH'havior  hiis  nil  the  oh.srrvod  phcnoiiK-iia 
for  Yoluiuo  cluinRo  of  clny-soils.  TIu*  cHVc*  of  indiviiUinl  iNUnmrters  in  tvinis 
of  siu-li  soil  outitii's  ns  nioislui'e  runtriit,  of  clay  inini'rnl,  dogroc  of  satu¬ 

ration,  ti'MiporntiitT,  (.‘tc.,  must  as  yrt  ho  dflormini'il.  Tl\csi‘  liowi'vor,  will  only 
i-liangi'  tin*  inngnitudo  of  the  propiTtios. 


Doviator  behavior.  —  Tho  ih-viator  bohnvior  of  olay-soils  in  terms  of 
rlieologie  inopertifs  has  heeii  dcs<  rilK-d  hy  (u  ii/.e 
.lussolin  de  Jong and  Ilnofli'*. 

The  behavior  i-eporleil  generally  fidlows  the  jmttern  .sliown  in  fig.  4. 


4.  —  l>»'vi;itor  hclmvior  of  cloy. 


Thcso  results  biiscd  on  civop  tests  ivport  the  average  shear  stress  (r)  as 
a  fiinetioii  of  the  time  rate  of  sliear  strain  (D).  The  retorted  experiments  show 
that  for  low  stivss  levels  below  a  yield  value  (fo)  the  deviutor  beliavior  is 
elastic,  nctwoen  (fo)  ami  (fi)  the  l)ohavi<>r  is  viscous,  uiid  for  stvei>s  levels 
above  (f,)  the  Iwhavior  exlubits  shear  thinning  until  the  shear  strength  (s)  is 
leached.  The  magnitudes  of  (!„),  (f,).  (s)  and  the  slopes  of  the  eurve  ate 
dependent  on  tlie  .soil  proiierties  svieh  as  moisture  content,  pivvions  load  history, 
clay  mineral,  degree  of  saturation,  temperature,  -te.  Theiv  is  as  yet  insuffieient 
experimental  evidence  to  relate  these  magnitudes. 

Tlic  diseouliiuiity  of  the  behavior  t-aii  be  Ireati'd  analytically  by  considering 
tile  elay  (o  1k'  a  thinning  thixotiopie  Itiirgers  material  under  strr.ss  (t)  and 
strain  (y).  Tlic  devialor  v'seosity  heliave.s  as  follows. 

(M) 


tl5n) 
(Ibh) 

ICxainining  ((piations  with  {)|^)  as  defined  in  ecpiation  (14),  and  consi¬ 
dering  tiine-stiain  eiiuilibiiiitii : 

1)  *lv.>  e;'  ttti) 

The  relation  expressed  in  <<|iiaiion  (lo)  can  l>c  used  to  approximate  the 
shear  thinning  heliaxior  tor  stresses  gnater  than  the  .'eld  level  (tu),  and  is 
shown  in  fig.  a. 


- —  +  'hje 

Vi 

Tli(‘  llurgers  model  is  shown  in  fig.  2. 

Fur  the  Huigers  deviatin'  model,  the  flow  relation  is: 

11  1  St  1  /• 

D  =  ( - -i- - \r  r - j.-i/li  Itc'/T'i 

^  tj,  »/:  ^  J 

J.-  ■= 


Clr.y-soil  behavior.  —  The  inevioos  analysis  i.i;t lines  tlie  estahlishiiient 
of  soil  properties  in  teriiis  of  t  heolngie  i)<  liavuT.  U  is  ihii.s  ]>os;;il)le  to  appro¬ 
ximate  the  total  .slress  slraii.-lime  hehavior  of  a  elay  in  terms  of  its  eoinpoiient 
behavior. 

Ill  volume  change,  the  stress-str.iiii  hidiavior  is  expressed  ii.v  toe  differential 
ccpuitiou. 

K,  5f,|  _  I  S<'„  ^  ^  1 

"St^  ~l,  5t  ttK,  ^i-  ’  at  ^  aK,  ^ 

K.  1  1  Sit  5=  1 

is,  ;ic...  J  St  L  8f  :iK,  ^ 
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Two  problems  of  mtorcst  arc  those  ])ertainiii»  to  »  stnmliug  vehicle,  and 
a  moving  vehicle. 

Ill  order  to  achieve  iiulicativc  solutions,  a  linear  theory  will  be  used. 

Standing  vehicle.  —  In  volntne  change,  the  most  critical  pioblcm  of  a 
standing  vehicle  is  the  long  tiiiie  defonnatioii.  Por  this  case,  the  theory  of 
consolidation  is  applicable. 

The  devfcitor  behavior  is  a  function  of  the  vehicle  load.  For  light  loads 
where  the  itnposeil  deviatur  stivs.ses  arc  less  than  (f„)  the  behavior  is  clastic. 
For  iiutsisod  deviator  strcs.s<‘s  greater  than  (f„)  visco-elaslic  behavior  is 
mjuLsitc. 

As  a  first  example,  a  liglit  vi'hitde  is  considered.  The  volniiic  eliaiigc  is 
considered  to  act  a.s  a  Kelvin  niatcrial  while  the  dc\iator  hchavior  is  elastic. 


+  H- 


<  fu) 


The  visco-clastie  o|K*rat«>rs  are; 

R  =  1 


ii  =  3K  +  3C - 

«t 

M  =  1 
N  =  120 

The  displacemetit  time  relation  fi-om  equations  (S)  l)ocomcs: 


.IK  +  « 


UK  +  40 


Kquation  f21)  are  the  equations  of  a  Kelvin  model  in  wliich  the  soil  is 
pre-dcfoi  HKxl  hy  a  deformat  imi  'w„) 

3K  +40  3K  +  40 

,(t)  =;  - - P  +  r,v, - - - TIc-'-'T  i’2a) 

40(HK  +  «)  »•  441  13K  +  0)  ■' 


3K  +  G 

The  results  pre.MMited  in  equations  t'-l'-)  imlicnte  several  features  of  the 
linio-displaecnicnt  relation.  In  the  fir.st  place  tin  time  rctnrdatiou  of  elastic 
displacement  is  greater  than  would  he  expected  by  pui'c  coiisolidatiDii.  The 
p.dditioual  delay  is  due  to  the  shear  lieformation.  Si'cmully,  the  lusviotn;  load 
history  j)lays  an  ini]iorlanl  fiictor  in  tjie  total  dcl'ormal  ion.  .\t  a  given  vehiele 
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stand,  if  the  elastic  deformsition  ir«  less  tliuii  the  previous  tlcfoi-mntioii  (w,),  the 
subs<‘({ucnt  ilisplireiuenl  will  be  a  swell  at  tlie  groiiiul.  If  the  previous  defor¬ 
mation  (w,)  can  be  mntched  to  the  elastic  deformation,  due  the  vehicle  load, 
this  vehicle  can  stand  ii\definitely  without  any  sinkage  what-so-cver.  I'or  a  given 
tvsulual  si'llleiueiit  and  vehicle  load,  the  zero  deformation  condition  can  Iw 
established  by  adjusting  the  <-oi;!aet  area  and  geometry  of  the  Hack  or  standing 
pUtt'oem. 

For  some  soft  soils,  it  is  not  jtossihle  to  keej)  the  deviator  stress  Iwlow  ^fu). 
In  these  cases,  the  analysis  must  he  based  on  a  time-dejn'iident  deviator  stress- 
strain  relation.  As  on  extreme  exain|)le  the  deviator  behavior  will  l)c  eonsidcred 
as  viscous. 
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The  viseo-elastie  operalots  arc; 
B  =  1 

8 

ir 


s  -■=  :tK  +  ;tv 

M  =  l 


N  =  2.;* 


8 

IT 


Tlic  displacement  relation  from  equations  (8)  becomes: 
8-w  :5K  Sw  3K 


Stt 


3^  -t-  7*  6t 
w(0)  ■ 


4v’  (3f  +  r,") 
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(24  H) 

(24  b) 
(24  c) 

(24  d) 

(25  B) 
(25  b) 


The  viseo-clastic  law  is  derived  from  a  (iliysiral  lelationship  in  integral 
form.  In  order  to  convert  to  dilTerential  form,  a  second  initial  condition  wa.s 
built  into  the  deformation  rel:ititinshij».  Thus,  eijttation  (25  a)  is  a  Kecond  order 
Cijuatioii.  One  metluKl  of  converting  hack  to  the  integral  relation  consists  of 
finding  a  viscu  elaslic  model  which  is  represented  by  etiuations  (25).  Sineo  the 
volume  change  and  devintor  coui)ling  is  essentially  a  series  coupling,  the  lond- 
deformation  nnxlel  is  as  .shown  in  fig.  0.  The  loud-deformation  relation  is; 


w(t) 


Pdt  4 


3 


- e~''' 


4  (3C  +  ij) 


•r  I  p„ 


i/T,U 


■M  +  7* 

T  =  --—A — 

;UC 


(2(1  nl 


(2Gb) 


t 


‘  *.•  -  •  i 
I,'-  .*•  / 


-■■■■A 


Fora  ptrcn  rrhielc  load  (P)  ^hc  dcformation-ttnic  relation  is: 


P  P 

\v(t)  =  — _  ■  t  +  — ^  (1 — e  •■>‘0 


4K 


<27) 


As  shown  in  fig.  7,  the  deforniatioii  inereiis«'s  with  time,  approaching  a 
linear  rehitioiisliip. 


Consol  idating  -  Viscous  Soil* 
B  = 


A{3^+'n'') 

3 


ElostiC”  Viscous  Soil* 


B= 


4r 

~r' 


Kijj.  ll.  —  I.uRil  ^irfnriDiilinn  uidiIpI. 


From  a  design  jmint  of  view,  this  relation  indieates  tlmt  for  a  given  set 
of  soil  ]iaraineters,  a  given  load  anil  a  given  gee-nntry  of  loaded  area,  the 
eritiea!  setlleiaenl  with  time  ean  he  estalilislied.  Thus,  the  time  of  pnri'.iiig  of  a 
vehiele  ean  he  eominited  for  field  use. 

The  viseositv  (7*)  is  aetuall.v  an  apiiaieni  viseosity  ;is  iiidieated  in  fig.  4. 

Lluvin/^  vehicle.  —  The  deformatioii'time  iiiiai.'sis  for  a  moving  vehiele 
innst  ineliide  eon>ideratii>tts  of  vehiele  siieed  in  adililion  to  considerations  of 
the  soil  properties  and  itnposed  stresses. 

A  high  speed  light  vehiele  will  not  develop  any  time-de])endent  vohnnotric 
stresses  atiil  will  he  in  Ire  range  of  elastic  deviator  stivsses.  The  stress-.slrain 
relations  for  tliis  type  of  activity  are: 
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The  disploeeinentii  will  bo  instnntnnooiis  uiid  elastic  in  direct  proportion  to 
the  time  of  loading. 


3K,  +  40 

w(t)  =  - P(t)  (29) 

40  (SK,  +  G) 


Tlic  snmo  lipht  vcliiclo  for  a  roiativcly  slow  traverse  of  the  ground  will 
permit  time  depeiulont  tleforninlioiis  in  iieconlanee  with  Intth  the  soil  propertie.s 
find  the  veliiele  iiiiivriiu-nl  prognuu. 
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The  visi-o-oliistie  operators  nre: 

«*  K,  K,  K,  ,8 

8t*  f,  C,  4.  /■  »• 

8*  3K,K,  8 

S  =  3K, -  + - ■ 

8t*  f.  St 

U  =  1 

y  =  20 

The  bnsic  loiul  defomtnttoit  (S|iiotiuii  u: 


(31  e) 
131  «i) 


(3K,  +  0) 


.ik.K,  (JK, 

( - +  - 1  + 


UK,  8w 

1- - ) - + 

Cx  ^  S» 


3K,  +  40  «=P  3K,K,  K-  K,  K,  SP  K. 

=  - 1 - ( - -r  — + - X - \  -  -1-  P  (32  a) 

40  8f=  '  4r.f,  C,  C,  C,  '  8t  C, 

«r  (O)  =  U 

Tlio  (lilYoreiitial  o<|iinliuti  {82  a)  ean  Ik*  reiiri'sciitril  ))y  a  five  element  visco* 
eliiritie  iiHulel  as  mIiowm  in  (i>r-  S.  For  llii.s  partieular  i>rel)leni,  tlic  velatioii  between 
tl)C  moilel  (laranieters  and  the  nMnluli  and  vl>«>ositios  of  the  soil  will  not  be 
(lovelujHil,  sitiee  tliey  do  nut  help  the  ainilysK. 

The  hiad-delbnnit ion-time  rehitiuii  for  the  five  clement  model  is: 


w  - - + 

A, 


•  I  Pf''''>'j  df  + 


(V— i/T(l 


T,  =  B;/A-  (33  b) 

T,  =  IVA,  (33  e) 

A  sinule  passage  of  the  load  in  time  (t)  results  in  a  load-defoniiation 
feint  ion  ns  follows. 


1*  P  P 

"■  T-  _(I-e --'/T.)  +  —  (1 


_  ..-l/To 


Tints,  the  vehiele  passane  will  result  in  an  instantaneous  elastie  deforiantion 
followed  hy  aildilional  vis»-ous  deformations.  The  longer  tie'  time  of  pa.ssnge 
(the  .slower  the  vehiele)  the  greater  the  deformation.  From  the  point  of  view 
of  mobility,  it  etm  bo  seen,  tliat  a  vehiele  with  a  limiting  deformation  elinraete- 
ristie  can  Iv  de.signed  for  a  partieular  soil  in  tcriiis  of  its  titnc  of  passage. 

The  prineii*les  of  design  of  a  vehiele  train  enn  also  he  established  by 
examining  the  five  element  nnKlel.  The  degtve  of  rchiNation  of  deformation  is 
an  exponenti;il  fnnetioii  of  tin*  spissl  atid  s|>aeing  between  veliieles.  For  a  giveti 
vehicle  spaeiiig  and  siiml,  tlie  deformation  will  increase  with  length  of  train. 


Usiing  a  limiting  doformation  as  a  design  criteria,  the  number  of  vehicles  can 
be  increased  by  increasing  tlieir  spacing. 


Another  coiisidemtiun  is  the  relatively  high  speed  movement  of  a  heavy 
vehicle  over  a  .soft  soil.  The  volumetric  stro.ss-strain  relation  will  he  elastic 
while  the  devintor  .si re.s-s-stiaiu  relation  can  Iw  considered  to  he  viscous  with  an 
apparent  viscosity  (>j  •). 

c„  =  3K,r||  (S.*)  e) 


The  operator  isdntiuns  arc: 


The  loiid-dcforinntion  diffowiitial  cquntion  thou  becomes 
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w  (0)  -  0 


<37  b) 


The  model  which  p^wluoes  equiition  (37  a)  is  a  thive-elcmcnt  mode!  similar 
to  the  one  shown  in  fig.  C.  The  only  difTeronee  is  the  value  of  the  Kelvin 
dash-pot. 

The  deformation  response  of  this  niCKlel  is: 
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1  / 

^v(t)  =  - -  jiwt 

■*n‘ . 
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- l.-'/T  /  IV/T.lt 
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(Ma) 


T  =  ij*/3K,  (38  b) 

For  a  single  traverse  in  time  (t)  the  »leforinatioii  becomes: 

P  P 

w(t)  =  - 1  +  - (l_e-t/T)  (31)  a) 

4ij*  4K, 

8w  P 

__(0)  -  -  (3ft  b) 

8t  ij  * 

The  relation  in  isiinitions  <3ft)  is  the  siime  ns  shown  in  fig.  V  with  a 
different  magnitude  of  the  initial  slope. 

As  the  load  inereases,  the  viscosity  wilt  dirroiise  and  the  apparent  vi.seo- 
sity  (ij  •)  will  drop  very  swiftly.  As  a  result,  the  limiting  tlesign  deformation 
will  be  a]>proaehed  exponeiitially  with  load  and  time  of  apjilieation.  Thus,  the 
mobility  design  must  Ik*  balaiieed  lietween  load  and  sp»‘ed.  Higher  loads  will 
require  greater  s|)eeds  for  a  given  ileformntion. 

The  effect  of  vehicle  tiain.s  on  the  viscous  ))c)rtion  of  the  deformation 
relntion  will  be  jiarlieiil.uly  prononiieed.  The  fir.st  teini  of  etpiation  (3ft  a) 
indicates  that  the  purely  viscous  portion  of  the  deformation  will  never  achieve 
recovery.  Thus,  sueeessive  vehicles  in  a  tr.iiii  will  imjntse  linear  inercases  on  the 
deformation.  Tlie  relaxation  of  the  Kelvin  unit  will  aid  in  the  rednetion  of  the 
total  deformation,  but  it  may  not  be  enough  to  offset  the  large  viscous  dofor- 
matiuns.  As  indicated  previously,  the  idopc-  train  design  will  depmul  on  the 
inagiiitnde  ol  the  soil  paranir'ers  and  the  halaiieing  of  the  load  and  time  of 
t  ra  verse. 

By  continuing  the  previous  analysis,  a  vehicle  load  doformation-timo 
equation  can  he  esiahlished  for  any  euinhinatioii  of  soil  parametei's.  Further¬ 
more,  similar  mobility  design  eri*  nia  ran  he  establisliwl. 
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Coaclusions 

Tlu*  foiTj'Diitj'  i\Miilysi>i  lias  attt'iii]>ti-tl  to  <li‘Vi*lop  nitional  irlntions  for  the 
soil  parametors  of  importaiu-o  in  vrhiolc  niol)ilit\%  niiJ  to  use  the  relations  in 
teniis  of  mohility  desi};n. 

The  mohility  design  was  based  on  an  assiinusl  criteria,  that  the  stresses 
iniposisl  on  the  soil  never  reached  the  soil  shear  stivngth.  This  criteria  was 
estahiislu'd  since  the  aeliieveioent  of  shear  strength  by  a  single  vebiele  passage 
will  renuinld  the  soil  strnetme  and  thus  make  eonditions  of  .snbseiiui  iit  jiassage 
considerably  less  favorable. 

The  niuliitily  design  is  u  limiting  deformiition.  Sueli  a  eriti'i-ia  can  be 
established  in  terms  of  the  type  and  desired  speed  of  the  vehicle. 

The  soil  j/ioperties  that  have  been  e.stahlislied  aiv: 

1)  The  volnnie  I'hange  heha\ior  consists  of  an  initial  cliistic  deformation 
followed  by  a  viseinis  delay,  on  loailing.  rnluading  results  in  a  partial  clastic 
rtH-overy  followed  l»y  partial  viscous  iveovery.  Hepeated  load-uiiloavl  cycles 
will  increase  the  net  deformation  up  to  a  deformation  limit.  Beyond  the  defor- 
inaiion  limit,  the  soil  will  Inliavc  in  a  eoiuidelely  elastic  inanticr. 

2)  The  deviator  behavior  on  loading  consists  of  clastic  behavior  up  to  a 
yield  stress  (f„).  Beyond  (f.,)  the  soil  he'.iavcs  as  a  shear  thiiiniug  material  with 
dtvrcasing  viscosity  until  shear  failure  is  i-cacheJ. 

An  analy.sis  of  load-defonnat ion-time  respuu.so  for  various  conditions  of 
loading,  and  soil  eoiulitions  indicatcil  the  following: 

1)  The  defonnation  of  ligid  vcliieles  when  parked  followed  a  Kelvin 
vls^.^M'!astic  relation.  The  deformation  could  he  coi.trolictl  to  tolerable  limits 
by  altering  the  are  ami  geometry  of  the  lomled  area,  h’or  .soft  soils  this  can  lie 
aeconi])lished  hy  using  parking  mnts. 

2)  The  deformation  of  heavy  parked  vehicles  follows  a  Kelvin  visco- 
vl.'stieity  augmented  hy  a  purely  vi?,-ous  deformation,  hi  this  case,  deformation 
can  only  ho  euntrolled  hy  ivstrieling  tiie  time  of  parking.  The  niaxinuuii  iinrkiiig 
time  is  a  funetloii  of  the  load  and  magnitude  of  the  soil  properties. 

3)  A  light  fast  veliiele  will  inipoM-  only  elastic  deformations  on  the 
ground. 

4)  Heavy  vehieles  can  Im  desiginsl  for  a  mohility  criteria  (maximuiu 
deforniation),  based  mi  speed,  load  and  magnitude  of  soil  properties. 

5)  The  design  of  veliiele  trains  depends  oi.  tlie  halaiieing  of  tlio  load 
mid  veliiele  spaeing  to  provide  siilbeieiit  ih  forii\,a1ioii  recovery  to  satisfy  the 
iiiobility  eiileri.i.  Another  design  feature  is  the  total  deformation  as  a  fuiietioi'. 
of  the  miiuh.-r  of  vehieles  in  the  tv;iin. 

.lC'A.’.V0117-/'.7t(t.l//'.'.Vr.s’.  —  Tin-  wiirb  done  in  |irepariitiiin  fv>r  tliis  pajicr  has 
lu-on  siiiipnrled  liy  the  laou!  hoi’oiiiiitiini  Laluwatury,  lb  !S.  Army  tlrdiianec  Department 
under  coiitrni-t  DA-30-0iii)-t)l{D-2'.U0  with  l{cii.<schicr  PolyteHiiiie  Institute. 
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Effects  of  remolding  on  soil  values  *) 
related  to  vehicle  mobility 

Effetti  degli  assestamenti 
sulle  caratteristiche  del  suolo 
in  reiazioite  alia  mobilita  del  veicolo 

IXILIS  .1.  COOBMAX**)  -  l.'llAKI.h-S  N.  LkK***) 

ABSTRACT.  —  This  pupfr  summarizes  the  current  results  of  a  research  study  <r 
progress  to  eraluate  the  e/fect  o]  remolding  oj  cohesive  sosts  on  stress-strain  relationships 
embracing  the  tuo  areas  o/  wheel  or  track  sinkage  and  slippage.  Experimental  eguipment 
and  procedures  used  to  obtain  load  sinkage  and  horizontal  shear  soil  values  are  described. 
Some  thixotropic  characteristics  and  an  evahiation  o/  vertical  load  and  horizontal 
shear  calues  v-  oposed  tor  us?  in  soil-vehicle  relationships  are  included. 

eriuicntal  dnta  to  date  show  a  marked  reduction  in  the  spread  of  cohesive 
end  lonai  moifu^'-  of  loil  deformation  from  remolding.  Remolding  also  causes  u 
deers  ■>,  -Jr  these  vclues.  with  subsequent  increase  noted  with  increased  time  after 
remolding.  On  the  ocher  hand,  there  seems  to  be  no  significant  thixotropic  regain  of 
JOfJ  resistance  lo  sinkage  in  the  plastic  dow  tunge.  Some  discussion  on  prelirrinarv 
horizontal  shear  obserratio/is  and  n  comparison  of  sinkage  from  a  rigid  wheel  in  both 
undisturbed  and  remolded  cohesire  soU  are  presented. 


Introduction 

Thi*  nct‘i\  fur  niw,'!'  ba.sir  iv.sriirrli  on  tin'  vli'onml  [inioi’rtii's  wliieh  n'/foct 
I'.'ir.fie  priToraw:  inis  vuiphiisizcti  by  rx’ici'iom’i'  witli  rro-'is-country 

■•x  nnotioM.  Bas  t  iy.  {bo  probb-m  is  to  dotoviiiino  '•vbat  typos  and  ooinlilions  of 
nafi.iral  siirfaois  a;!  tio  usini  t>y  varuii.s  t\  pos  of  vi  liiclivs  f^r  a  snocos-sful  oiiorn- 
tivm.  All  nii'v.vr  must  also  lu-  piMvidod  lor  the  iinmlMT  of  tliosc'  inovoincnts 
that  ran  iio  siuioi.si'idly  yo  ili/x-il. 

Ainoii',^  t!io  ■.’idinilsos  oiioomitond  by  land  voliiolo-s  oporatinjz  on  v.irious 
natural  Mirfaofs  ar''  th*-  foilowiii"; 

ly  Vv  iia'  i  or  trark  s!ipp;i;:o  oaiisod  by  ooinbinations  of  iiisulboioiit  slieaviii" 
sll'iVi,.’’’'!  of  tki'^  loi)  and  vobiolo  oliaraotoi  i.stios. 

i,  ''Vb-.si  or  tiaok  sinkajjo  iluo  to  the  pbysionl  rliarartoristirs  of  both  the 
s»>d  and  tla  vcliick’. 

"  V  T.-  t"  \vn^  onj:jn:illy  fur  I/iiid  I*ttfi>inolion  I.aKoratory^  \*.  S.  Army 

Ordit.'Uf. <•  Tank  Auii'moi tve  lVlr<uJ,  Mitliij^un. 

**)  i*rf>r«’v-or  t»f  ('ivil  SyraA'ii:**'  rnivrr>i\y  Syracir**,  New  Yoik, 

**•)  AsyiiHlam  Vrofr?*'-ory  NVw  York  Stat»'  Viihorsily,  CiOlo^o  of  Kt*ri'8try  Syraen’io, 

XfW  York. 
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Much  fuiidanu  lUiil  iiiul  ri'scarcli  daJn  ate  needed  to  determine  and 

evnlualinl  vaiiouj*  t'aetor^  wltu-l»  inOuvnee  the  |)hy.sieiii  tuoperties  of  sod 
nffeetinji:  those  vehiele  aetimis.  A  poHsible  outeoine  fix)in  these  studies  ndght  be 
tlie  use  of  soil  meehanies  eriteriji  us  a  j»ii:tial  basis  for  veliieular  tlesign  insofar 
as  mobility  in  various  «  ufl'-road  »  eomlilious  is  eoneeriitsl. 

31.  (!,  Bekker  emiiluisized  that  a  sohition  to  tlie  mobility  pi\ '*Ioi.  requires 
(letenniiiatioii  ttf  stress-straiii  ielati<uisbiji.s  of  soil,  with  tbe  \ej,!.‘al  typo  of 
defonuatioii  reiatiu<;  to  siiikage  and  tin-  bori/.onlal  to  sli]>pi!ge  Based  on  this 
tiratinent  of  the  problem,  Bekker  ptopused  that  the  following  ph.fsieal  vnhros 
be  uses!  to  des<*rilK'  st>il  from  the  trafTiealnlity  point  of  view: 


ll  Vei'ticiil  Untd  ruhtfx  «/• 

a)  b'riel iunal  modulus  of  deformation . k» 

Id  Coiie.sive  modiilu.s  of  defoi'iaatiun . 

<■)  K.s]H)iient  of  siiikage . n 

tl)  n urizantul  xhcir  riihtt's 

a)  Angle  of  internal  frielioa . d) 

b)  Cohesion . c 

e)  CoefTieieiits  i>f  slippage . ki,  kj 


Sul)so(|Uent  experimental  work  on  artiheial  soils  and  snow  by  the  band 
boeon\otiou  Keseareb  Bramli  of  l)etroit  Arsenal  '  "^  indieat<-d  that  the  propo.<od 
system  as  a  whole  was  suitalde  for  mobility  studies  and  nuuitisl  fnrtlter  .study. 
,\  review  of  soil  phenomena  .shows  .si-veial  luelms  that  alTeet  tbe.se  eharac- 
terlsties,  .such  a.s  degree  of  renmlding,  water  content,  eollo’ubil  phenomena,  rate 
of  shear,  etc.  For  example.  remoUling  eau.se.s  a  priuunmeed  t  edtietion  in  strettgth 
;ind  an  iiierea.se  in  deformutioii  tembmeles  for  tlie  majority  *)f  natural  snturatc<l 
elay  deposits.  If,  however,  a  .s’linple  «*f  remoldeil  siitiuated  clay  is  allowed  to 
stand  without  further  disturbaiue  and  without  change  in  water  eonteiit,  it  may 
rcgairi  part  of  its  original  strength  and  stitVness  through  a  pbenomeiioa  known 
as  «  thixotropie  regain  » 

Tlie  i>urpose  of  this  paper  is  to  report  on  the  fuidings  of  a  beginning 
rc.seaveli  effort  to  dietermine  the  elTeet  of  varion.s  degrees  of  remolding,  stud)  a.s 
might  be  realized  from  the  actions  of  Ir.ivei'sing  vibieb.-s,  oti  Bekkor’s  soil- 
\chiele  parameters.  The  report  is  ctmfined  to  jjreliin'maiy  re.sults  obtained  from 
tests  on  both  laeusiriiie  and  nuMiiie  elay  .speeimens,  with  .spes-ial  attontioii  given 
to  load  sinkage  at  tliis  time. 

.Siakago  niul  sdtear  determinations  litive  been  m:)de  e.:!  these  soils  in  both 
undisturbed  aiul  remobhsl  states  to  ascertain  and  evaluate  the  full  impact  of 
rrmohliiig  on  the-  jiroposcel  vertical  and  hori/.unt,.l  ,suil  values.  Testing  rates 
between  dynamic  and  static  have  been  used  ia  an  attempt  to  simultile  field 
condilkm.s.  Tbixcitrojiie  eauracteristies  are  also  discussed. 
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Experimental  program 

ilvK'li  of  tlio  work  to  lato  has  hroii  conceiticil  with  the  load  sinkage  problem 
in  soft  to  medium  laeiistrine  elays.  Some  preliminary  work  li  is  also  been  done 
with  respect  to  hori/mital  shear  eoiisideratimis  and  determinations  of  different 
decrees  of  d'.sturbaneo  between  undi-stnrbod  and  completely  nonolded  states. 


Soil  types.  —  The  soil  t,vi>e.s  used  for  the  testiuj'  to  date  have  been  soft 
to  medium  laeustrinc  elays  ohtaiued  from  the  general  Syraense  ar-  a.  Kspori- 
mental  work  on  a  tnarine  clay  obtained  Iroui  Uoston,  'dass.  rihisti'i'.  blue  flay) 
is  currently  luulerway.  't'he  index  pro|>erlies  of  the  clays  used  aie  shown 
in  taltlc  1. 


Lo.id  sinkage.  —  A  diaj.'ram  of  '.he  test  apiviratus  used  in  this  ]>art  of 
the  iiivestigation  is  sl;own  in  tig.  1.  Roil  values  k. ,  k#  ai\d  n  have  he'en  obtained 
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tl\o  followiiifi  seiiu-empiii<-!il  stn-xs-sti-aui  relationship  for  veitioai  soil 
vlofonnation  proposed  by  liekker''=: 

+  t.)  z- 

where : 

p  =  the  vertieal  unit  load  (psi> 

kr  —  tlio  «  cohosivc  nu><lnlus»  oi‘  s«iil  lU-foriniitioii  (Ih/'in"*'') 
k«  —  llio  «  fl  irt ioind  iiuhIuIus  »  of  s«iil  dt-forniatioii  (Ib/in"*') 

2  —  tlu>  vi'itiral  sinka!*i‘  «-onvs|HU»lin}r  to  dii) 

h  —  till*  width  of  a  ir<-taii"nhir  footing  t»r  the  radius  of  a  rii'oular 
footiiijr  (ill) 

TaIH.K  1.  —  (  f  H  tit  ttui  t  tt  ri>t  it  H  ttf  I H  I'f^t  t  i/4tt  f'ti. 


Soil 

M«cb^iCAl 

Att6rb«r^t 

NalJiAl 

UocoulLoe4 
comp.  5tr. 

C  a  ■% 

cleilii* 

nation 

r* 

Saud  silt 

% 

Clay 

uu 

PX 

COOtCDt 

Undla. 

moldo^ 

OwDsl' 

tlvUT 

Doacrljitiod 

A 

.I.  I.  Ov^.. 

0  I.; 

TiS 

aTi 

Al 

4  r>  4~ 

11. NS 

it.lS 

4.11 

Silly  i-Iny 

II 

J.  I.  Cn-o 

lO  111! 

•Jt; 

-0  r 

o.JI 

a.Tti 

Clayey  «;ill 
uilii  Irate 
Mlllti 

e) 

,l.  I.  OllM,' 

t)  oa 

an 

ai* 

•M*  t 

“ 

Ci’ivey  silt 
willi  trii.'e 
?;oi'l 

P 

II  ;; 

•JvH 

•Ji.a 

.*  - 

•-•a  -i- 

orJ 

a.M 

Clayey  riill 

vniini 

K 

I'e  K'jyicr 

n  ar 

na 

an 

\2.\ 

.»•  -1. 

'J.5 

a.a 

s.a 

e’layey  Silt 

V 

llii>nin 

i  •:  ^ll 

la 

:ia.a 

n.t* 

r 

•  M-i 

n.O'^ 

‘.’•J.O 

Silly  etay 
uilli  iriiii' 
s  out 

l.ltiui’l  liliiil. 

IM.  ~ 

riiiM»urjih*'l  iMunjiTi's.'ivo 

slrfii>;tli  - 

ill  'oill.i  [HT  f  ft 

.  S  ill  ('  i.'* 

U  inixUlio  of  Mill-  A 

and  li. 

Two  siicri  ;;,sivi'  load-siukii';*-  Ir-.ts  air  niado  wiili  two  dilfrieat  test  footings 
•ind  tile  valiu's  of  lursstur  (p)  and  siiika'^r  i/i  aii'  jiloltrd  mi  loj:ariihiiiir  paper, 
nsu;};  p  as  llie  abscissa  and  z  as  the  ordinatr.  The  l•^pmu■llT  i,ii)  is  obtaiiu'd 
ili'iH'.i\-  f’.ani  the  loearithmic  plot,  wlan-  ii  is  the  slope  of  tin*  etirves.  The 
nioihili  i.'f  drl'orination  arc  ealeulaled  frmo  l>il;ker’s  eipiatioii  as  follows; 

a,  l»j  —  a,  1»| 

b.  —  b, 

(a,  —  .1;)  b,  bj 

b.  —  h. 


where  hi  and  h..  are  the  widths  of  r»-et.’.neula\  fooiinsis  or  rrtdii  of  eircular 
footings,  and  a,  —  ikw/lb  i  k*)  and  a^  ik,.  li;  -r  k*i.  a,  and  a;  are  eipial  to 


7,y 

r 


.  *  tiv 


rlorl]on%»l  &lkp* 
H«Uir 


Horttantal  0i<pl4C«a«nt  OSii 
ShtAf  61«£k 


^  Pravl'^9  Ring 


r  iji.  —  jliiri/<<rt:il  .-lu*ar  ti  >1 


till'  [UTS'.iiic  fill'  l.(<  iiu  h  siiik.:;;i‘  of  llii*  Miiiilli  r  iinil  Ini  tri  r  size  li-st  I'nuliiij's, 

Much  ul'  tile  uiiik  111  iliitf  has  Ivcit  uitli  test  limtiu"  ilianulcrs  of  h' j  inch 
aiul  I  iiicli  siiiic  picliiuiiiai-y  ixiiciinuntal  ilala  iiulicatcil  that  a  latio  of  soil 
siiic|ih'  iliaiacici'  III  ti  st  fiMitiii;;  iliaiiicicr  of  .'i  m-  U  to  1  ivas  tii  ccs^  iiy  to  I'liiuiliato 
siilc  cIVccIn.  It  is  piissililo  to  iiso  a  s|>«  oimen  size  of  ti  inches  in  iliaiiu  tcr  !)y 
I'J  iiiclu's  hiyli  with  these  fisitiii;'  si/.es.  tiu  ii  ii\'  f.icilitat iiiy  the  fiehl  wiak  in 
sceiu'liij;  llinlist lU'heil  sani|ih's.  'rest  fonliiies  of  l-'.j  inches  anti  2  iiiclies  ili- 
"nelef  IniM'  ah-o  heeii  Usi  i|  with  1  eisltie  foot  siii)  sa’ai|iles. 

'I’he  lu  iielialioM  lealizeil  in  tile  hail  silikaye  tests  is  liepveen  i!  ainl  4  inches 
■since  iHitloin  effects  in  the  soil  sanii'le  with  a  la  iyht  of  ]’2  inches  seelii  to  Is  iaiino 
a|i|ia relit  heyonil  this  liiiiit. 

I'i\|ierintcnlal  work  has  Ikch  larrifl  ■!  w'sh  eonstant  rates  of  uownuartl 
)iciiet ration  whi'  li  have  hven  vaiicil  helwi  ■  •  (l.!l  inela  s  per  laimtte  iiiul 

itielics  jicr  ininnie.  The  rate  of  verlle.il  ni  n  loL  iit  of  tla-  lest  fr/otin;.',s  iiscil 
in  the  niajorile  of  the  loai'  siakaee  niiis  lias  h.iii  'J.U')  inelas  ]ier  niinuie. 

novi^oiifal  shear.  A  iliay’  •lo  uf  the  test  a|i|i.. rains  nscil  in  ll'.is  jiait 
Ilf  the  iiiM'st  ieal  ion  is  shown  in  fijr.  1. 

A  il  ineli  X  ii  inch  shear  I'lale  has  heen  si  il  in  liiis  phiise  of  the  invi'S- 
lieiilian  which  inelinle.s  tests  with  hoih  '  hoi  i/.iii,lal  slaai'  ileviee  ili  \elop'al 
foe  litis  work  ami  the  slanoo  il  hilKiratm,.  ilireel  slieai  laai  hine.  Much  of  the 
walk  with  the  hori/onlal  she.ir  ileeiee  has  heen  .il  a  eonstant  r.ite  of  sla  arint: 
ili- plaeeiiieiil  of  '2  inches  per  iiiinnle.  with  a  lio  spaein;;  on  t'le  shear  hh.i  k  of 
!l  111  inch  ami  i  tin  ileplh  ainl  ihiekni  .s  of  (1  PJ.-)  inch  iiliil  D.I'l’.'i  irah  resp.  lii.  ly. 
Shear  plates  ami  till  i|e..iotls  Ilf  ililfeeeiil  shapes  ami  si,  i  s  are  elu  rentiv  heiaa 
invest  ieali  il  iisni;;  a  forwaeil  u'oiion  \ar\oie  h'lweeii  ]  aiul  f  i'lelns  per  aiie.iil.a 

DLfi’ert'.it  de.tjieea  of  re.  tooji.'iz.  --  |*re|iioioaiy  \'.  n'.;  on  et  ,  In 'tine  soil 
ihtlnrhaitee  has  heen  .leeiiiiipli  i'.eil  he  jni-.ais  ol  p;'s..ino  a  riai.i  wle'I  o.t  i'  tai 
siirfaer  of  a  hid  of  ehiy.  Tla-  i'lesi  iil  j  i-.v  (hire  is  to  nia!;e  ]ias-i  ,  on  h  ilh  a" 


r  i>».  «*l.  -  -  '•urvf.-*  •  ral.'>  of  jn*iu‘t  r:»hi>n.  Clav  A 


iimlisliii'licc!  iKi'l  ;i  rciiioldi'i!  s;iiu|ilo  iisiii>r  ;i  traNcI  patli  aHi!  im'iisuiiiii; 

llii*  siiilcij'*'  t'ju'li  pass.  Tlii'si*  siiikajii*  vaaa.s  air  liriat:  '.'\iiluatiil  I'or  pos- 

.si!>li'  use  as  cialcria  lor  miioldiiif:  liy  roKiiiaiir.c  ilir  la'iimldcd  and  mulistuihcd 
.siiika.m'  iiaitiTii.s. 

Di;,ci’..siion  of  re,;^V_3 

•acil  typos.  ■  •  Lni'U.sl  1  iiir  idav.s  an-  lala-  dip'isiis  anil  (.'laiTidly  iniisist 
01'  ahcrnalr  icl  ti 'n  ily  thin  sti.iia  oi'  silt  and  iday.  I ii  pusii ion  was  sia  h  that 
soils  aro  orii  ii  ipdto  oiT.itio  w  iih  n-.^i'n-t  ;•>  h  ii.io'ji  ni  ity  oi'  c "..ai jiosit ion  in 
a  vcflical  ilirorlioii.  'I'lds  was  I'oiind  :o  he  tha  •  :  wjili  Clays  H  and  !)  in  that 
llif  tin'.ii.slui  hi-d  .-prcii’a  ns  ciinlaiii  xariahlo  I.;;.s  rs  ol'  sill,  w  Id.rh  would  arcount 
for  .sDiiti'  of  till'  I'fiMllr  ro-ailis  oht.iiiird  in  tho  r.oli-l'.uhi'd  siaio.  ili'iaold in^i:  has 
II  hoino^cni/.in;;  clli-i-t.  wliii  ii  would  ti  nd  '.o  piodaic  innro  nnil'onn  I'.spori- 
iiuwital  ilatii. 

flay  dojaisits  of  inariiu-  oritrin  aiv  as  a  r-  !r  ininh  niorr  indforni  in  loni- 
lio<:lion  fliai.  lake  doposits  and  arc  cv.pccti'd  to  oivc  less  \ai'iation  in  lest  ri'sulls 
|l  .  llto.se  olitaincil  on  I  ho  hiciistrino  .sar.iplcs. 

EToct  of  rate  of  s:-n!;.a»-e,  —  In  order  t.>  a-a-erlain  tin  eCut  of  the  rate 
of  p'  oei rat  i  )n  on  the  soil  \  allies  k^.  k, ,  and  ii.  a  .s  i  ies  oi  sin'-.  !  ;c  ti  .!<  w.is  '.'Oii- 
diuted  on  a  soil  saiii;'!\-  ( l■onlpl'•lclv  ren.-dd-.d  Clav  Ai.  at  iiiiVcrciit  raloa  of 
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|ioiH‘tnilion.  Tost  rntos  slmliisl  woio  static  (\iitli  small  load  incronionLs  applied 
alUiwing  foe  sinkap;  rtfiiilihriiini  between  each  increment),  0.9  in/min.,  1.38 
in/mln.,  and  2.25  in/min.  Typical  pressure  (p)  vs.  sinkafje  (!z)  curves  are 
sliown  in  (if?.  .1  \il\crc  it  can  1k‘  .ven  that,  e.\e»'pt  for  the  static  ease,  the  ofTccl  of 
tlic  rate  of  penetration  is  not  siRnilicant.  It  Ls  therefore  believed  that  for  the 
study  of  mobility  proldeins,  soil  vnlue.s  dcierinincsl  from  an  arbitriny  rate  of 
]!enetratiuii  other  tlniii  static  can  used. 


Effect  of  remolding  on  soil  values  in  sinkage.  —  To  dctt  iniine  the  effect 
of  lenuililing  on  the  v.iliies  of  k*.  k..  and  n,  two  general  series  of  tests  were 
coiidiH'tnl  with  laeusirine  clay  samples,  oiu’  in  tile  nmlistnihed  state  and  the 
other  in  a  eoinplelelv  remiildisl  sl;iie.  Values  for  both  uinlistnrbed  and  remolded 
states  are  sliown  for  Clay  II  in  lijis,  4,  and  (i  as  riinuilalive  distribution 
funetiiiiis  where  it  can  be  noteil  that  the  da’a  follow  fairly  elose  to  a  norninl 
ilistriliuliiiM.  These  Itjiures  show  lla-  most  si^'iiiheaiit  efl'is't  of  renioMing  to  be 
a  rediieiiiin  in  ti  e  dis|tersion  of  the  values  of  k*.  and  k..  which  is  fell  to  1h’ 
a  result  of  the  hoiii  'eeniziii};  elVecI  of  the  I'  pe  of  .einohiiiii:  used  in  the  testing. 
Ibiuiildiiijf  also  reduces  the  value  of  the  mean  for  and  k,  and  iiiereiises  the 
value  for  ii,  which  is  proliahly  »lne  to  the  removal  of  vaiiahte  resistniu'e  tu 
pciietratiiui  from  strati  lien  lion  or  olhci-  iiou  hoiuoomicons  ellVcts  present  in  the 
imdisinrhed  stale.  Ileceully  obtained  data  on  llosion  Ulne  Clay  .s|H'eimens 
((.‘lay  K)  exhibit  similar  eharacterislies. 

These  oliseivations  sng>;‘'^l  that,  in  pretlieling  sehiele  preforimince  in  a 
Risen  location,  the  stiil  values  imist  he  deleriuined  for  the  soil  in  the  luosl 
critical  eoiiilitioii  expected  from  traflie  t.\'|M's  and  amount. 


Thixotropic  regain  of  soil  values  in  sinkage.  —  Rt-sults  <»f  tc-sts  on  Olay  A 
after  ooin[tlote  r\‘mol«linp  show  that  the  value  of  n  remains  essentially  constant 
with  tinu*  while  Ixith  ami  k*  iiivivnsi*  with  time,  as  shown  in  fig.  7.  Tlie 
increasing  trend  was  nioiv  signifientit  for  the  cohesive  parameter  k^  which  is 
to  be  expected  in  this  type  of  soil. 

Thixotropic  regain  in  plastic  resistance  in  sinkage.  —  In  the  cc;uBtion 
P  “  ( — ; —  d-  k*)  z*  suggested  by  Bekher,  n  is  a  positive  number  which 
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Kig,  7.  —  Thix.'friipic  regMiii  eiirve*  k,  iincl  -  (>l.v 


iiuj)lies  tliat,  t'lr  a  gi\en  ^oil,  p  increases  iiuletinitely  with  z.  This  i'elati<inshi[> 
has  been  ol)sei‘Veil  by  oiIh'I'  invest igatoi's  in  injury  eases  whereas  in  the  tests 
eandticted  with  clays  in  tliis  program,  it  was  observed  that  j>  does  increase  with 
z  at  vmly  low  values  of  z.  At  huger  values  of  /.  in  the  iion-statie  rate.s  of  loading, 
j'cnetratiuu  was  obsiTved  to  take  place  nt  u  ciinslatit  valiu*  of  p  h'ig.  3  sliows 
latnilies  ot  p  vs.  z  curves,  where  it  can  be  noted  that  p  Is  pi'jietieally  constant 
for  z  larger  tlian  about  1  or  2  inches.  Beyond  this  range,  the  soil  is  probably 
ill  plastic  IKiw.  It  is  believed  tliat,  in  the  .stud.v  of  large  sinkage  in  ehiyey  soils, 
the  reljiiioiiship  bctwei'ii  p  an  1  z  for  pl.istie  Ih’w  will  Im'  of  interest. 

To  study  tlie  thixotrupie  ivgain  of  the  value  of  p  for  plastic  flow,  two 
initial  S4'ries  of  tests  were  eor.duelisl.  one  with  t’lay  .\  ainl  the  other  with 
(  lay  t. .  The  ohst*rveil  values  of  p  for  pla.siie  Ilow  are  shown  in  figs.  Sii  and  8h. 
The  ilashed  lines  in  thew  figures  have  Ihh-ii  iletermiiieil  by  llu-  luetloMl  of  least 
sipiares  and  show  a  ii'gaiii  trend  of  the  value  of  p  in  the  plastic  Ilow  region. 
However,  it  is  emphasized  that  no  significance  should  1h*  attarhcvl  to  this  trend 
at  this  tiim*  in  view  of  the  wide  seaiier  of  points.  A  similar  plot  for  Clay  F 
is  sliowii  in  fig.  8  c. 
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It  is  inttMvstinjj  to  notr  Ihiit  allhou<;li  tlu-rc  ai-c  mcrcnsOs  of  k«  ana  k,. 
with  time  and  therefoi-c  ehaniws  in  the  slui|)0  of  tlx?  p  vs.  z  cvines,  the  values 
of  p  at  largv  *  irmnin  stnlUtirally  unehan^d; 


Psys  Afttr  K»mot4lng 
-CLAY  A- 

t'ljl-  S 11.  —  Tlii»ott«|»ir  n-jxain  i>f  rf^islniii-i 


Aftt)  Remolding 
.CLAY  C- 

Kij;.  8 1».  —  Tliixolf>|»t<-  rv^.iiii  of  Jo  r>iiik]i(;r. 


Hoiizoiital  shiear.  —  I’rvliniiiinry  ti'sts  .show  that  unless  the  shear  plate 
is  properly  wnted  in  the  elay  sjKvimeii,  j-jiusiileralile  «  hiiHdo/.inp:  *  aetion  iin<l 
al.jo  some  tendeiiey  of  the  shear  plate  t«»  suhinarine  into  the  clay  results.  In 
oi’der  to  n‘«luce  the  heavy  nornnil  loails  recpiiied  for  <ni  adejpiate  .sj-ating, 
expei'imenls  witii  varifjus  fill  spaeings  and  depths  wei'e  I'lidertakcn.  Ilesults  of 
the.se  ex|)eriinents  .sluiw  that  a  3  incli  s<piai'*'  sliejir  i)late  •vill  prtiperl.v  uont 
itself  in  reinoldi'd  elay  sj»eeiimi(s  under  low  normal  loads  wlteti  the  tin  sj-aeing 
is  n/16  in.  and  tin*  tin  depth  and  thiekm'ss  is  0. 1'i.'i  in.  and  0.0‘2o  in.  re.speetivoly. 
■()l>sj*rvutioiis  indienir  that  fjjrther  relinejnents  can  Is*  made  tliat  .shojild  gi\o 


test  rwnlts  in  close  accord  with  vnUics  related  to  actual  track  and  tire  pro¬ 
totypes. 

Horizontal  shear  testa  run  with  a  3"  X3"  shear  blo<-k  on  remolded  samples 
indicate  that  disturhiiiiee  takes  place  ahead  of  the  hliK'k  for  a  distance  of 
approximately  inches  when  the  jjcak  condition  for  stress  occurs.  This 

means  that  an  inerea-se  in  shear  area  of  about  r)0  %  in  exec.ss  of  that  from  the 
block  itself  is  iie<-essary  when  cvalnatint;  values  of  c  and  *!>.  Values  computed 
using  the  iiO  additional  shear  urea  eluek  out  reasonahly  well  with  the  e 
and  Ct  valoca  ohtniiusl  from  direct  shear  tests  on  the  same  soil. 
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Jtir.  Si 


Tliixii»r(>|>ii'  recnin  of  rviii^liinri’  lo  sinlinm’. 


Different  degrees  of  remolding.  --  The  it.'-uHs  of  this  p)’...se  of  the 
investigation  are  iiieonelusive  as  yet.  Kig.  !1  shows  the  effeot  of  the  niiii\ber  of 
prissi's  of  a  rigid  test  wheel  on  ('lays  l!  and  I'  in  Ixith.  reiiiokled  and  iindi.st orbed 
states,  h’ig.  10  shows  tlie  relationsii.p  betwien  the  number  of  passes  of  the 
rigid  wheel  and  rcsnlting  sinkage  for  tbi.Nolropie  rigain  considerations  for 
Clay  F. 

Miteli  more  expei-iiaer.tal  a. id  tlieoretieal  work  is  needed  in  tbi.s  area  to 
di-torniine  not  only  n  niea.sniv  of  the  degree  of  disiurb.-mee,  bu:  also  a  mapping 
of  the  induetut*  of  various  wheel  and  tra<  k  shajies  and  traversing  lunteriis  under 
exiH>etod  traffic  loads  and  fie«-,i,eney. 
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test  results  ill  close  accord  with  vnlues  ieltite<l  to  actual  track  and  tire  pro¬ 
totype*. 

liorir-ontai  shear  tests  run  with  n  3"  X3"  sho.ir  Mock  on  remolded  samples 
indicate  that  disturljancc  takes  place  aliend  of  the  block  for  a  distance  of 
approximately  inches  when  the  jicak  condition  for  stress  occurs.  Thb 

means  that  an  inereast*  in  shear  aira  of  about  .oO  fi  in  excess  of  that  fmm  the 
block  itself  is  nccissary  when  evaluatiiijr  values  of  c  and  U*.  Values  computed 
usiuK  the  ;*»0  additional  sliear  area  elus'k  out  reasonably  well  with  the  c 
and  values  olitainetl  from  direct  shear  U'sts  on  the  same  soil. 
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Kij;.  8c,  —  Tliixolroj'ic  recnin  of  iiln«tic  rcHi.ijuuv  to  finknj!C. 


Different  dc^ees  of  rcmoldiBg.  —  The  resnlis  of  tliis  jihnse  of  the 
invest igat ion  are  inconelusive  as  yet.  I’in.  h  sluiws  the  offoet  of  tlie  ininilier  of 
pas,se.s  of  a  rigid  test  wheel  on  flays  U  ami  I'  in  Isilli  remolded  and  nndistnrlied 
states.  Fig.  10  shows  the  relationship  lietween  the  number  of  passes  ol  tliC 
rigid  wheel  and  resulting  sinkage  fur  thixotropie  regidn  considerations  for 
Clay  F. 

Much  more  exjierimeiital  and  theoretienl  work  is  needed  in  this  nre.i  to 
determine  not  only  n  measure  of  the  degi-ce  of  distnrhanee,  hut  als<i  a  mapping 
of  tlie  inllueiiee  of  various  wheel  mul  Iraek  shapes  and  Irm  cvsing  patterns  under 
expected  trafTle  loads  and  fm|ueticy. 


Sfukagt  2  in  em. 


KiU.  9.  —  Klfi^ot  Ilf  ivlii'i'l  liarrl  uo  )iinkiix<>. 
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Closing  romarks 

Tho  pn'trtliiin  dutriiNstun  ptiints  out  the  fact  that  jifcst-nt  results  and 
analyst's  nlung  tin*  lint's  •lisensstsi  in  this  pa|HT  an-  prcliin inary  in  natuiv  and 
tlion'foro  inctiiu'lnHivc  in  many  restn'ct!*.  As  a  n-salt,  additionul  invest igat ions 
are  ncishHl  to  suiMtuntinto  and  ivfini'  the  ri'snlls  <»f  tin's*'  ptrliminary  studit's  and 
to  csttthlUli  aiul  uvulunit*  iu*w  ri'laliuuships. 

Soim*  of  the  researt-h  plans  for  llu*  iinniisliate  fiituit*  inclinlc  additional 
oxporinu'ntal  and  nnalytiral  work  on  Inttli  iindistiirlMsI  and  partially  distin-lK'd 
spociiuons  of  soft  to  nnsliuiii  flay.  For  r.\aniplf,  a  .sttidy  of  tin*  projirossioii  of 
the  dfdivf  of  distnrhaiKs*  as  cniisfd  hy  tin*  shii|H-.  .size,  iininiH'r  <tf  passt's  and 
trafkiiijt  patlfi  iis  of  a  <ILsttirl»aiiis'  wIuh-I  is  nis'<l«il.  Also,  thi-sotnipii-  rft;ain  data 
for  the  various  dfon'i's  of  dlstiirhaiuf  and  with  coutrollfd  liiof  intervals  in 
the  raiipe  c.\peet^^l  fniiu  varhnts  tyjH's  of  Iraflie  is  desiiahle. 

The  influence  of  the  size  of  M>il  loatlin^  «leviis-s  on  soil  value  nu-asiiiTinents 
must  also  l»e  deti'i'iniiusl.  This  typ**  of  .sluily  shonhl  tstiisisl  of  ihi-  eonipilation 
of  expi'iiiueiital  data  nsiiic  various  lest  footio"  ami  shear  ileviee  sizes  and 
shapes  for  huth  load  sitikaiie  ami  .shear  experiim-iital  work. 

Finally,  it  should  1k'  staled  that  oli.servations  of  exix  iimeitlal  load  siiikatjc 
relationships  to  date  demonstrate  that  another  an*a  ie(|uirin>j  immediate  at- 
tetilion  is  an  invest i}jati»»n  on  the  piaslie  Is'liavior  of  soils  in  imd)i',ii.v  j)rol)leius. 
The  primary  olijeetive  of  such  a  stud.v  .shoiiM  In*  to  develoo  a  theor.v  of  plaslieit.v 
for  soils  to  he  used  in  land  hKsnmition  mechanics. 

ACK.\‘OH'Ijf-:i)<!MHXT.'!.  —  Tto>  paper  doiTilws  n  reo'iireli  study  in  prugress 
at  S.vrneUse  I'nivorsity  whieli  is  sp»>nsereil  l»y  the  l^uid  l.i«iiimti)tiim  1jiilM>ml(>ry  of  the 
Detroit  Arsenal,  Detroit,  Miehignn. 

The  luithors  expri'ss  npprei'ialion  l»  Dr.  I’aol  .1.  Itrriiiinii.  Chnirnian.  and  Pr.  Wen 
II.  la,  I’rnfessor  in  the  Departaielit  of  Civil  F.uginceriii'',  and  to  persoiiiu’l  of  tlie  lamd 
Ijoeomoliiin  ladwrator.v  D«'lroit  Arsenal,  es|H'riidly  Col.  M.  Ci.  Hekker  nod  Ciipt.  R. 
A.  Liston  for  their  interi'sl  niid  tsHi|M'rj«ti<m  in  this  -tiidy. 

Hcmgiiition  is  ni><i  given  In  .\rlnnr  Baimzek  and  Seller  Suver,  liraduate  SliuU'iits 
ill  tlio  Di'parliiu'iit  of  Civil  V'.ngiiieerlng  lor  their  as-i-taneo  on  (he  projetd. 
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DISCI'  S  S  y  0  A'  6' 

S.  J.  KNIQHTa  A.  A.  RUI>A.  —  Thr  .Nnthors  )>re.'Piit  the  iireliiniiiar.v  rr.snlts 
of  a  Kltltl.v  to  «|pl«Tiiittu-  111?  effevt  of  vnrioii.'i  ilct'ree.s  of  reinoldin;;,  siieli  ;i.s  iiii^ht 
he  ronlixeil  froin  Ihe  nrliuus  of  I rnversiti;;  vehii-lep,  on  Ih-kker's  soil-vi-liieli-  ]jiiriiincter8. 
The.v  detiioii.slrale  remoliliii;:  to  bi*  extremely  elfeilive  in  altering;  the  in-siiu  values 
of  kf.  fc...  utnl  II,  ami  .'‘u>;i;e.st  tinil  c  in  |>ri‘ilirlin;;  veliiele  |h-i toniiiinee  in  n  ^iveii 
loontiuit.  the  soil  values  nui»t  Ik-  tlelenniin-d  lor  lln-  soil  in  llie  most  eritieal  eoinlition 
e-xiH-etotl  from  tniftir  l.v|te  mid  minnini  ».  The  .\nihors  ohxionsly  li.avp  an  ii|i|)reeiiitioii 
of  the  inn*ortnnee  of  reiinddinj!  in  nlT-rtiad  Ini-oniol inn,  jiiul  it  is  liojn-il  llmt  they  will 
imrstie  the  e.N|H*rimeiitnl  and  IlM-orelieiil  leseanh  they  reeo;;ni/e  us  heiii};  needed  in 
tlii.8  nn.'ft. 

In  il.s  early  elforlu  to  e.stahli.sh  vehiele-soil  relations  h.v  emjiiiieal  means,  the 
I’.  S.  .\nii.v  Kiifiim-er  Wnlenvny.s  K.x|*e)inienl  Slation  ein-iiinveiitcd  the  rt-ntoldiiik' 
]irohlelii  h.v  te.'.tiii;;  vehieles  on  soils  whieh  had  lieeii  snl)st.inlially  remolded  b.v 
rvmstnieliiin  niethmls.  However,  in  when  the  studies  were  evleiideil  to  nalnrnl 

soils,  the  reniohliin:  jir«d>h-in  ha<r  to  he  liieed.  Some  iiisi;,'hl  into  the  |nocess  of  soil 
reninldiii^  tinder  aetunl  Veltieles  may  he  -ined  tiani  I’le  following;  review  of  some 
of  the  residt.s  ohlnintMl  from  these  earl  te.^ts.  Details  nia.v  he  found  in  WKS 
Teehnii-al  Mi  inorandnm  Xo.  .'t-Jdd,  Tt-nlli  t'lii'ideinent,  «  Trallie.ihilit y  of  Soil.s,  Tests 
on  X'alnial  Soils  with  .Self-l’io|i«-lleil  X  eliieh-',  liHt)  nnd  >. 

Tyjiieal  enrve.s  llmt  ilhisliale  the  elViets  ol  l■elllnldinL^  innh-r  ve'iiele  trallie  op 
two  natiirnl  (iiir-^rraiiied  .soils  nre  shown  in  liL;nre  1.  Kienre  In  illnstvates  the 
netiun  of  an  M'J4  lank  on  a  soil  heavy  elay  (CM)  *)  soil  whieh  did  not  reinrihl 
readily,  wltih-  liirore  1  b  .sliows  the  results  of  a  1)7  o)ie:;il iin;  on  a  silty  elay  (.ML)  *) 
soil  whieh  na.s  initiall.v  hiLrlter  in  slieimlh  tliaii  (he  heavy  ela.v  s-iil.  lint  whieh  d'd 
remold  reailily.  In  liotli  ease.s  (he  v<-Iiiele  ttateled  foiwaid.  then  li.iehwnrd,  ill  the 
same  jmth.  In  the  lest  on  the  heavv  elay.  ei.asiileiahle  rnth.ij;  'jcenii-ed  envl.v,  a  is 
jrrtiernlly  the  case  in  sol't  soils;  Inil  alter  It)  inisx-s  no  further  nittiiio  oeenried. 
Tlii.s  is  eviilent  in  the  vnrve  lahelrd  «iiit  snifaees,  whieh,  in  fael,  hriran  to  ri.se 
slilfhll.v  at  1?.5  |i:issi-s.  The  iso|delh  for  .">0  eone  index  (.'i-p  jiaper  Ni-.  124  ‘.or  deliniiioii 
of  cone  inile.x)  is  elosel.v  parallel.  It  indicates  a  Mii'irniiiL:  ol  lla-  soil  eail.-  in  the 
test  hnt  no  ftirtln-r  solti-nim:  heyoinl  about  l.'i  pa.-si's.  The  I  wo  pi m  licallv  la.  i/ontal 
ettrves  an*  inilienlive  of  a  slahle,  halaiieed  emidition  of  M-|iiili-  and  soil.  The  M24 
tank  cainpleled  .3i)  imsse.s  on  tlio  heavy  elay  ainl  eonbl  have  eoaipleted  niaay  mote. 

*)  CInssifiralion  nepordin},'  to  lli.  riiifa-d  Ssdl  Cn.-Niii,  atimi  Sysl.-m. 
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07  IMMOBILIZED  ON  SOTH  PASS 
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number  or  passes 
c. 


NUMBER  OF  PASSES 

d. 


CHANCE  IN  CONE  INDEK  AT  IS  INCHES  BELOW  ORIGINAL  SURFACE 


SOIL  DATA  FOB  6-  TO  12-  IN.  DEPTH 

uses  WATER  DcNS  CONE 
•  L L  PI.  ^  CLASS  CONT-  A4  UB/CU  FT  INDEK 

HEAVY  CLAY  6l  23  38  CM  37.8  73.3  SI 

SILTY  CLAY  37  '28  12  ML  34.6  83  3  »8 

F'iU.  I.  —  Kffi'.'l  of  i.-p.'iitix'  Ir.Tilii'  <i;i  .'oil  si n'ii(;l h ;  n)  priiy ri'><iiiii  of  rultint; 
itloJ  Ovplli  to  30  roiii'  iu'li'.x,  li-Mvv  rl:iy  muI  ;  I'l  |»ro;;ir.''-'*iott  of  niUini^  luui  ilojilli 
to  GO  I’oiU’  iioloK,  .‘illv  ohiy  soil;  <•)  diiiiitJi'  ii!  •oio-  iii.lox  :il  Ij  in.  In’oo  ori|.'iMiil 
:*urfjK*i‘,  Ih'uvy  rlav  >oiI;  i|)  i:i  roor  ijol -x  at  IG  lU.  In'loo  orij^ianl  ?wrfaia'. 

siltv  cl:iv  sol!. 


Ki;;ur»*  1  li  Nho»v.s  lliat  tin*  Dr  liiK-tor  ln'j;ni\  icivol  on  a  laOaiivvly  liioh  cone  iiulox 

(OS  in  (tip  (I-  to  1'2-in.  Inypr).  lint  Irnllip  ip|iotitions  irsnltoil  in  rontininal  .xol'tpninj’ 

of  tlip  .soil  mill  [iroi^rp.ssivply  I’.ppiipr  inls.  .\s  tlip  ml  .■.iirl'rnT  iliorpniiori,  so  also  ilid 
Iho  zonp  of  VPiiioMiii;;.  Tfo  itowiiwmil  tri-ml  of  liip  Iwo  cnrvps  nuiclit  Innc  lipon 
ON]>OPfp(i  to  imlipiitp  tlip  i  luiinliili/.ntioii  wliicli  <liil  oppiu’  on  tlip  GUtli  pns.s. 

FipiiPs  Ip  mill  111  show  [iliits  of  Dip  varialion  in  Piiiic  iinli-x  at  a  ili'['!li  lii  in. 
liplow  tlip  oiij;ii!ii|  oronnil  -siiil'app  loi  llip  samp  Ip.sis.  For  tlip  hiav.v  play  soli, 
lioiiip  1  p^  tlip  piHVo  ilc-.'Pi'iiils  for  tin'  liist  I'i  pa'.^p,  hat  tliiai  it  lOiit iiiops  willi  a 

slijrhl  lisp  as  tlip  iiuinhor  ol  inpipa.-as.  Tliis  iiuiip.alp  a  rii|.ii).  Imr  Iuum', 

sirpiijith  !o,-s  to  l.T  ]>a.ssps  amt  an  nctniil  :0ii;ht  inaicasp  in  suit  stri;i'.;i h  liixoiul 
1.2  passes.  Figure  1  li  shows  tlt.it  rone  imlcx  ilccrraspil  pi ppi pssivply  uniil  37  passes, 


.t'T* '  .  'T';  ^  :  .-y:  >  r 
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-  li.'riiiil.liii^,'  Ilf  u.'t  iiimly  I'liy  Mill  iim.Iit  iIi.'  nirivil:  ii)  l«fiirr  tr;itri.-; 
I’v  !■)  Iiftrr  10  |i:t»..i',  iiiiiiill  iiiiiiiuliili/.i‘.l  (111  lltli  |iii,isi;  •!)  ciin.* 


iiiili-x  jiriilili''-. 


•  i 
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III  wliii-h  tiiiK*  till*  iiiJs  UITI'  15  ill,  tli-rp.  Till*  ilitVrroii*  I'  i:i  lulcuior  ol‘  llicsi'  i\v*»  soils 
is  I'lcnr'y  I’vulrnt  in  tlu‘>p  (•(nifrn'^linur  ‘iirvcs. 

Tli<?  1  r.l II iVN  ii  115  LTi'iiOi'n’  iihs«'i'\  ;it it  Lr;ii''linLr  ii  fiioMinir  ic'^nllnl  from  liio  l!*4!t-lJt”>0 

tc«l  I'lny  liavi'  lucn  vi-nfii'il  hy  snl'M^ijuriit  trstlnjr. 

a)  Pract irally  any  rmr-;;rainr»i  soil.  il‘  sUlVuioiiily  wi-i,  will  lose  n  portion  of  its 
‘'tr(‘Mi:ih  ul.rii  ] tanolili'd  nndiT  llu*  niiion  of  xi'liiiulaj  tral'lr. 

l»)  Wpt,  liinvy  (hn::ily  ]'.liistii')  rlav  Usually  n'taiiis  a  lilirli  pi'rrro:a',:v  of  its 
si iTjiLTt li,  \vln!i'  vM't,  U'uu  i'la\‘  and  silly  flay  !na_\  lo^c  a  Iir,5li  prrfi'riln^i’  i>f  tlifir  oMuiuaJ 
st  I rnyl lis.  .\Iali\  rNaniplfs  iiVf  availalili'  to  >liu\\  tlial  ^ilty  suds  fall  lx*  Wfalsfins)  lo 
onlv  i»l'  llu'lr  oiiirinal  slifnytli.  In  siuli  fa-*i'>  tlif  ifaudtlnn:  of  (lu*  ?4>il  is 

nis-t.ai(ili>lird  so  vapidl\  lliat  a  \fliif!c  ii-uall\-  faniul  i;fi:oliati-  fvm  mu*  pai^s  afnrss 
an  ai'.'a. 

<■)  ]’.\(’n  I'oa isf sidIs  vilmli  i-oalain  a>  Iiitlo  a^^  10^,^  rwu'-^iitinril  inati’rin! 
fan  l»f  Vf laiddfd  or  iKpU'lifd  by  lln*  arlinii  ot  Vfliififs  if  tl;o  inoisJnrf  ioidfiil  is 

<1)  In  ovdrr  to  pri'dic!  xflmlo  pfifoimaiM-f  siafossfullv,  lla*  aiiioiint  of  nnhddlTnr 


fo  tx!  cn('»)unft'ml  In*  rnfirijnili*«I.  *Tlii»  i*  .'iili^nntially  IIh?  roncliisum  roiiclicd 

by  Gooilinnii  nml  Ijh?)- 

b'i}Hiro  2  is  a  |>iclori:iI  illii^tnilioii  of  rotn<ilt!iiii;  nii-oniilrnil  in  a  mciit  Wiitrrwnys 
K\pcrimciit  Stiition  tost.  Tlio  mnoliinc  n-x-d  «-;is  an  AiniH,  n  tost  pint  form  dcvolopod 
by  tbc  Rorti-Wnrtior  r«>rjuir;ili<>tv  for  tin-  1.  S.  Navy.  KiiIiImt  bnjrs  (infliitod  to  8  psi 
in  tliis  tost)  aro  attaobcil  to  ohaiiis  tvliii-li  irinllo  tbo  ilrivinjr  .s]>riM-krl  nml  iillor  siniilnr 
to  tbo  tnifk  of  II  riiiivoiilioiial  vobiolo.s.  'I’bo  Iniiobiiio  \voi”lis  llt.OOO  lit  nml  o.vorts  nil 
uvoraiio  oniiuul  prossuiv  iif  oii)y  l.'J  P'i  tak  lU'  priijt-rtn)  Iniok  aron.  Flanre  2 a 
slinus  tl.o  nroii  iK'foro  Ibo  lost.  Nolo  llo-  Iroo  ualor  on  tbo  siirl'mo  ami  tliai  t!ie 
l>t‘rs.inm‘l  liave  no  partimlar  •lillii  iilly  in  wnllim.;  itvor  tbo  urea.  Kisjiiro  2  li  sliows  tlio 
lO'l  pnili  altor  Ibroo  |iii.'so>  4i|  tbo  Airoll.  Noto  tlio  'nw-loollioil  pallorii  tliiit  lin.s  l>con 
l'l•nll>'■l  on  tbo  siirfavo.  In  timirc  2«-  ropoiition  of  liallio  (10  jia.'.sos)  ba.s  loinoblod  tlio 
soil  in  tbo  pntli  of  tbo  .\ivoll  to  nonr-li<|in<I  <  baraitoristirs.  I)n  tbo  no\l  pass  (Ibo  lltb) 
tbo  .\itnll  l.or.inio  iiiiiiiiibili/.oil.  Kijrnro  2  <1  'boWs  tbo  miio  iinlo\  pnifilos  i-oi  rospomlin(; 
111  tbo  ibroo  iiroioilino  lionros. 

W.  L.  HARRISON.  —  In  unsWor  to  tbo  jootions  iiioimont.s.  I  ■»  i.sb  to  .stro.s.' 
Ibiit  I’lot.  I ioiiilinan's  slnilios  mo  ilnooloil  towards  ibo  oltool  of  riinnlilint;  on  the 
sirciiirlli  i  linrai  tcri'tii-s  of  soil.  Tbo  priimtiy  iiifi  ri  't  is  ibi-  i  lin!i;n'  in  'iiil  st  iciiotb 
laiisod  by  tbo  loadiio.;  uliools  of  niiiIli-a\lo  •.i  liiolos  rallior  tban  ibaiiMos  ••.I'lsod  by  ii 
;;roiit  miiiibor  of  pa'.'os  liy  a  voliiolo  roifardloss  of  tbo  iiiimlior  of  winols  ransing 
ib'l'iimiatinn  on  oiudi  (lass. 

I'bo  rosnlls  of  I'rof.  (i>'i.ibnaii‘s  'tiidiis  wilt  ts'  it'is]  to  protido  mmo  anttiafr 
proilii  tions  of  M'bii  lo  in  rforiii.im  o.  For  joirposO'  of  vidiiolo  di-sign  and  iwabialinii.  tlio 
lai'lur  of  tlio  iinmliiT  Ilf  ptissrs  a  volmlo  rail  niabo  otor  a  spis  itio  nro.i  of  iorriiii  is 
tail  irraliiiiml  and  imtrb  tmt  ipialilalivo  to  bo  of  any  viiliio.  In  mldiiion,  I  wish  in  say 
III  Mr.  rnrillmll  tliat  wo  do  iml  i-aro  to  ;inl'ai|ialo  tlio  I'lrool  of  roinoidiiig  for  tins  is 
inotidy  gnossiiig,  but  wo  miisi  fio  aldo  In  looasiiro  iliis  oire<'t  nml  nppl.v  Iboso  inoa.-n- 
I'oaii'iils  in  tlio  (s|Hiiliims  of  Ininl  loooiiiolion  to  iloloriniiic  its  otToot  on  vobiclo 
port  iinnanoo. 

Ci'nfu.'ion  lias  Inin  iii.ioitfd  into  tbo  ilisoitssions  liy  onlormg  lln'  sabje,.)  4jf 
Ir.il’ii  ability  w  bii  b  is  innoorm  il  w  llb  \oliio!os  )iii"i:ig  niio  allor  nnotlicr  In  tbo  .'lU'io 
rut  ns  iiiipnsod  In  Inisio  voli'-io  do.'iitii  w  lio  b  i.'  1 1■'■..  >  riioil  willi  tbo  lirsl  pass. 

R.  ARIANO.  —  N'ollii  l•omll!lil•;^/.iollo  olio  o  siala  fo.lla  pioordoiitoiaont o,  bo 
sontilo  pnriaro  o  lio  vi'lo  lo  liiriiro  rolalivo  airn"o-iaiaoiito  doi  lorroni  in  ra|i|>iirt()  id 
nimioio  iloi  iias'a'."_'i  doi  vi  iioli.  ir.a  non  bo  ni>I.»  imboaro  t,.!a!o  oia  rii.Tiililii  dci  Iiii!  i>l. 
•  )ia  liolbv  ini’oianioa  dollo  tnno,  o  diili;  fnudaii.onlalo  r'lninbla  airallo  did  oii'l i painonlo. 
IVr  iioi  slrailiiii  la  doloniii iia 'iniio  ilol  oO';i|i  loioiitn  ■  bo  pan  raouinayor-.i  in  nn  loricno 
0  fatia  so!ii|)ro  imi  lili  rimoiilo  .;  ipudln  Iio  o  i'niniilita  nllijaa,  i  isllil.into  dalia  ))iin.i 
I’ini  tiir.  Kvidontoiiii  nio  >0  iioi  aiidiaino  ml  ’.itiiidila  nmltn  alto  in  mniln  olio  il  iniilorinlc 
0  imdto  Iluidn.  in  pa  i  Ii;  nlaro  so  -iipora.-'iinn  aibli ril tin  a  ■  il  iiniito  liiinido.  il  pMss  iyylo 
sill  lorroiii  iinii  I  ml  I  poroblio,  nia  .'■|ii'.'!orolibo  .  »iii|ini'oiiionlo  il  inatoria’o.  i^aiiali  satobbe 
inlorossaiilo  vonliooro  in  ra(ipnrti»  alb*  vario  niaidita  obo  ombnio  iii-jli  liiioiialli  tr.i 
il  liiiiito  liqiiidn  o  il  baiilo  jibislioo,  tra  il  baiilo  p'.i'Inn  o  i!  iiniilo  di  rilini  o  iil  di 
siilln  liol  biiiilo  ill  rilirn,  onaio  iiiliiiisi  o  il  nioiu'i.i  lii  pa-- ayji  so.l  n i.t i panuait n ; 
null  laoi'iidnln  si  iisidiia  lii  iitti'ibinro  il  i-n-lipamoiitn  alia  iniiiira  doi  torroim,  albossoro 
iiaa  antilla,  iiii'aigilla  bim*.*-.!,  on  liimi  i.al  binso.  m-r.,  to  ^•aoall^'l■l''lu‘lll.'  jinssnin: 
iinooo  null  o.ssoio  on  atlribotn  spoiilim  ili  (juolbi  Iona.  ni;.  o-s-oro  on  altnhiiln  dalbi 
nninlita  i  lio  o’o  in  rpiol  jiai  i  o  nbivo  lorrono. 


—  so  — 


W.  L.  HARRISOK.  —  In  niisut-r  to  your  qiii'slion,  it  I  ))t*ve  the  rorreet 
Rnilrrstnnilinf;,  when  stress  stmin  t-iirvcs  nre  luensnri'ri  to  ilrlcrniiiir  soil  strength, 
niul  «lcftnc»l  l»y  the  Hekkrr  soil  values,  the  soil  inuisliirc  contnit  is  inherent  ns  a 

function  of  soil  stn-ntri lu  If  \-«i:ir  inlcrof  is  in  the  cITect  of  llie  change  in  nioistnro 

omtent  throiitrluiiil  the  various  M-axtiis  on  the-  strength  of  soil,  tlion  tlie  chniigo  can 
Ih*  (lelemiined  hy  the  variation  of  xtil  sirciiglli  jiiiminctcrs  thruiiohont  the  seasons. 
It  is  very  <liiru'iitl,  if  not  iiu|Mi»itile.  to  ilcline  soil  strengtli  hy  inoislure  content  nior.e. 
PitTenuit  soil.s  .sneli  a.s  sanil,  clay.  nn<l  sill  or  the  inlinile  coinhinations  of  these 
soils  nre  iiifliieiictsl  to  a  tlilTereiil  •14‘orcH'  hy  l•hnlll;e.■■  in  moist  iiro  conienl. 

R.  ARIANO.  —  Vorrvi  .solanicnte  inia  isurc  chi-  non  c  (incstlonc  nci  iii|i|)Oiti  ili 
ninitlitii  ili  visli-rc  si-  sinmii  airtina  ii  all'iiltra  slagione  e  ijinmii  di  fare  del  ilati 

slntislici.  K*  mn-slioiie  di  vrslere  airal'o  del  |>nssjii;};io  dei  veholi,  all’allo  del  costiiin- 
aii-nlo  niitiiralc.  i|nah-  e  la  «|iian!it;i  di  ncr|na  •he  e'e  snihi  leiia  c  hi  i|iianlil,'i  iracqnii 
jMio  deriviirc  da  iinn  luotn^a  «lic  •-■J-  sliila  jimo  )irinia.  jnn'i  ih-rivare  il.-i  ainhieiilc 
iiiiililo,  |>iio  dcrivan-  tlaH'i-sx-rsi  la  li-rin  ascingala  inr  azionc  del  sole,  ccc.  Noi 
ni-llc  slnnle  nlihiaain  sistcinatii-amcnlc  nicsso  in  Initi  i  laiiilolati,  —  e  siianio  jirepa- 
miulo  dellc  Noriiu-  in  .xsle  f'.N,l{.  relative  nlle  leirc  —  in  iiii  jiii-siriviaino  ilie 

i(iiando  si  va  a  iiis(ii>are  iiii  Icrrciin,  hisugiia  clic  vi  sia  ii'iiel  ileti'iniinalo  grailo  di 
uinidilh,  |iciclu'-  se  no  non  si  ricoi-  n  coslii>iirlo  Ix  in-.  Noll  si  ricsce  iii-anche  sc  si 
iiisistc  purt-cchio;  e'e  x>lo  da  iioiarc  <hc  rollimo  cnslipaincnlo  pno  varinre  ceil  fipo 
ill  coslijinlofo.  fJiMiilo  iHii  airini|iicn/u  ilciraifpia  Mil  teri'eiio  cosli|talo,  c  hene 
iiotarc  cite  se  poi  il  ti-m-no,  pi-r  sun  ttnliira,  per  sun  conipo.'i/.ione  e  tale  ihe  in  tin 
certo  M-Mso  <-  MssimilaUdc  a  tiini  terra  sialiili/,/,aia  graiinlomelriiiuncnic,  rinlhieli/.« 
ileiractpia  rlu-  lo  raggiiiuge  a  nislipaiin-iilo  nvvciiiilo  pi;i>  inlliiiie  rclativamciite  poio. 
Il'allru  parte,  di  Ih-  precaii/.ioni  si  |M)ssomi  prciidc  n-;  per  esempio  iielhi  fonda/.iuiic- 
<U-lla  slnnla  di  ('alnses,  prov-islen.lo  ad  iiiiii  imperiiieiihili/./.ai-iono  siiperlirialu  0  alln 
prote/.ioiK-  eon  eartoiu-  hitnoiato.  ma  epiesio  i-  tin  iispelto  diveisn,  Ihi'i  haslare  scinpli- 
ceiin-nle  nil  vehi  di  liitiiioc  lues'll  in  stijierlicie,  per  etilai'c  nan  tillerinre  tiltrai'.ione 
d'lixpin  n  eoslipaaieiito  avveiiul-i.  Mu  i-  essrnziale,  i>riiim  enslipnie  in-l  nmdo  UMisto, 
e  ri|H'lo.  costipure  iiel  imslo  ;rin'1o  dijicnile  eiiornienienlr  ilalla  iiioidila  del  tcrreiui 
all’alto  del  eost ipaaielito,  iiniiilit.'i  il  ciii  Iciioii-  olliino  \arlii  eon  il  vnvlare  della  natiirn 
e  della  coni|Misi/io:ie  jriauuliiiiu-Jrii-n  del  terreiio. 

L,  J.  OOODHATf  ind  C.  N.  LRE.  —  We  me  lahiii-;  adeaiiiage  of  the  time 
iali'i'Mil  hel'veeii  the  ( 'oalcrence  in  Turin  anil  the  tnihliciition  ilate  of  Ihe  pioeeeilirigs 
lo  hiielly  inenlieii  ciinciit  rc-iarcli  aclivilies  In  land  loioiiintion  merlmnies  at 

Syiacn.se  I'niversily.  The  iiilline.rc  of  the  si/.i'  of  .soil  loai'.iiij;  ilevlees  on  the  soil 
)iaianiclers  used  in  tio-  sinkii-.:i’  and  sliriiiiiii:  aspeels  of  iindiility  studies  is  eurrently 
inidiT  invcsiigalioii.  I  iiiforiuit \  of  s<iil  coiidil ions  is  heing  coni  rolled  hy  iisiiic 
rnni]ilelely  reinolih-il  .'pi-cimen>  of  eolusive  .soil  lor  Iioili  load  siiir ;iiwl  liiari/.oiUal 
shear  evpei  inii-ntal  work.  ItiM-.-ti-ralioiis  of  diiri-rent  dei;recs  of  distiirhaiice  hetween 
nnili't nrneil  end  conipleli-ly  ri'iie-liti-il  stall. s  of  eolie.-ii'i'  .soils  .are  el.so  uiiileinnx'. 

Finally,  it  may  he  of  inten-t  to  note  that  a  set  omi  tcsi  an'li  .study  on  «  I'lastie 
llelmvior  of  Soils  in  the  Study  «il  l.and  I.ocomol  ion  I’:  nhleias  »  li.is  heea  n-emitly 
i:iiliiili-d  under  the  spiiiisor'lii]i  of  laiiid  l.oeiiieol  ion  l.e.lnn at ory,  I',  .'s.  .\rmr  OrdiiiiMee 
Tank  .\iiliiiiiol  ive  ( 'oniniai.d,  beiioil,  Miehi)ran.  This  study  is  iindei  the  direetion 

of  l)r.  W.  11.  i.i  anti  Prof.  .1.  Oomliiiiin  at  Syrai-iise  rniversity. 


N.  5 


The  bearing  capacity  of  soils 
under  vehicle  loads 

La  capacita  portantc  del  suolo 
sotto  il  carico  del  veicolo 

I’r.il.  hr.  •) 

ABSTRACT.  --  Ki'cent  r>:search  on  the  hearing  cajiaeiiy  o/  foils  under  inclined 
loads  is  applied  Co  tcheeled  and  tracked  tehicjes  on  soil  or  snow.  It  is  found  that  the 
hearing  copacity  decreases  ro/iidly  u-Uh  greater  inclmnlio'i  o'  the  load,  while  the 
corresfionding  niaaimuwi  tractive  ettort  increases  to  a  inaxiinum  value  and  then 

decreases  again. 

latroduction.  •—  Om-  of  llw  iii;;iii  proiilcins  in  vrliiflc  nmliiliiy  otV  the 
I'oiul  i.-i  llio  litMi  iiif;  cjipjK  ily  of  soils,  'imw  .uni  ico  iiiidi  r  voliii'lc  loiui.s.  Since 
this  jti-ol»loni  is  rcliitcd  to  the  he.iriii'.;  ••iipneitv  of  foiiii'hit imis,  some  lesult.s  of 
rrceiit  n"se:ireh  in  this  (ii'hl  will  he  ;i|>|iiii'il  to  sshi-eleil  mill  ti'oike'l  veliicles. 
The  lH';irin,ir  eapaeit.v  of  lee  Ims  heeii  eoiisiihoeil  in  a  ju  iw  iou.s  paper*,  ami 
will  not  1m*  iliseusseil  here. 

EeArir.g  c.apacity  of  wheels  and  trades  under  iuclinnl  load.  —  The  load 
o:  vehieles  is  jxeiier.ill.v  1 1 aiisiitiited  to  'oii  or  snow  either  h\  wheels  or  h'’  tracks. 
The  main  focees  aet'in,'  at  the  eeinre  of  a  free  or  lowed  wiieel  are  the  wheel 
load  \V  aiel  the  hori/uiit.d  i>nll  II.  whi.-h  have  a  resiillant  II  p.issiii;^  through 
the  eeiilreof  the  wheel  ami  making  an  aiio!i-  o  --  tmi'  '  (,11,  W)  with  the  vertical 
(fig.  la).  This  residtaiit  force  is  halamad  hy  the  total  leaetion  of  the  ground, 
whieli  can  reach  a  ma.xinuun  value  of  llie  nitim.ite  heariiig  eapaelty  (^. 

Similarly.  fi;r  a  di-iviiig  or  powend  w  lieel  the  main  lorees  on  the  w  licel 
.•irr  the  haul  W,  the  ilrawlmr  pull  II  and  the  luniue  T,  whi'di  h.ave  a  resultant 
|{  acting  at  a  le\er  arm  a  —  T/K  from  tin-  <*entrc  of  tlie  wheel  and  making  an 
angle  n  Ian  '  (11  W)  with  the  M-r'.ieal  llig.  1  h).  'I’he  iisullalit  11  is  halaliced 
hy  the  total  'ground  reaction  with  a  m.i.ximnm  ).o.-.sihIe  value  of  a.s  hefoie. 

While  the  ahove  relat ioiishijis  apply  also  apjiroximately  to  wheels  sup- 
))orting  a  lle.slhlr  track  ami  to  spudded  wheels,  t’u-  Velliele  foiaes  acting  on  a 
smooth  or  spmhlrd  track  are  more  n  mide\.  However,  for  each  track  the 
resultant  U  aclitig  at  an  angle  •>  to  the  vertical  must  a.gaiii  lie  halimcd  hy  the 

•)  lltdiil,  of  tVvil  iTiigiiut-niij;,  X'*v.i  Srnii.,  t ‘n!  N.  .‘-t., 
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a}  Vri’o  (tiiwrl)  wIitM'l.  I»)  Mrivinj:  (|M»\\ert*»l)  nlu‘Kl. 


Trnvi'l 


trii«  k.  A\  tJn.ii^vr 


Kik'.  1.  —  K  (Ill  uli<-«S'  :iii>|  frni*k% 


liilal  iTr.ilidii  oT  tile  };i-iinii(l  with  a  iiiasiiiiiini  iiossililc  value  of  (}  1  o).  A 

similar  sysicin  uf  rdiccs  nets  mi  an  in>li\  iilual  i:r>>iisi  r  plali-  ifi:^.  I  <1). 

!'’or  sail  or  snow  ilic  shrariiij:  siri-ii^tli  <-an  In-  (•\iiri'va'cl  hy 

s  -  <■  i  ji  Ian  ‘I>  1 1) 

vvlifiT  r  is  the  aiipaniit  eohrsii)n.  '!•  is  tlie  an;.'lr  dT  inti  inal  frliliviii  or  sliraring 
rcsislaiu'r  aiiil  |)  is  the  iiornial  j'lTssurr  on  the  sln-,ir  I'iaiuv  'J  iio  verlirai 
<-onipoiii-iit  of  the  avcra^io  lirariiij:  <'a])aciiy  mi  suoh  material  can  he  ri'i>iv- 
si  iiti’<!  I)y  • 

't>  I  II- r»/iM.  t-) 

Hr  .  (1-1  0.2  H/I-)  <  N  +  (1  —  o.:!  M/h) /RX  /2  (3) 

•^1  Ti« 

wltoiv  H  is  the  wi'ltli.  ])  is  tho  ilojitli  ami  1.  is  tin-  Icn.uth  of  'ho  "ronml  cnMtact 
nroa,  y  is  tiio  unit  Wright  of  the  inalerial,  ami  X  and  N  are  the  resultant 
hrnrinp  ('a]iaeity  laetois  of  a  slrij)  load  and  di'])end  mainly  on  n.  v  and  the 
depth  ratio  D/B  of  the  eoiilaet  area. 

The  horizontal  enmpoin nt  <1^  of  tin-  inarin^:  eajiaeity  caiuiot  exeeed  the 
slieai'inn  iisistance  mi  tlie  gnnind  eoniaet  area  jdus  the  liorirmital  tomiainei'it 
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I’h  of  th<*  jtassivo  oiwtl)  or  siu»\v  pn^^jur*-  on  the  front  of  the-  wheels  or 
traeks.  Tims, 

Mh  ^  Q  -'•”  «/ni>  “  »i.  tnn  a  (4) 

«|»  -  e,  +  I,,  tnii  S  -  P^Ith  (5) 

whore  e,  is  the  unit  atlliosioii  :iiul  8  is  the  aie^lt  of  skin  frietion  on  the  cuiitiiot 
jirea.  For  greater  ineliiiatioiis  «  when  ij,.  "overiis,  ei|.  'i  innst  theri'fore  Ik? 
rephu-Cil  !)>• 

..  +  IV  Kl. 

<i,  -  — - — (G> 

tan  rt  —  ;an  8 


a)  lliiri/iiiilal  canlart  arc#. 


{iii'lituitiKii  ••f  oiintHOl  area  o. 
!•)  Imliiu’il  cunlacl  area. 


t'ij'-  —  I'cariiij;  oapaciiv  faciur-  f-.r  inalrrinls. 


ohtaiiieil  from  e(|.  a.  For  s]i\iihleil  wlierls  aiul  for  tracks  will)  n)'oiis4-i‘s  or 
•spiitls,  the  skin  friction  equals  the  shearins  stivneth  of  llie  inateiial  (eq.  1) 
so  that  <•,  --  e  and  8=  <!’  in  e<t.  G. 

Two  main  l)asie  <’ases  of  l)earin>:  eapaeiiy  niay  Ik*  eonsiderisl,  namely,  for 
hori/ontal  contact  areas  and  for  i-ontaet  ar»as  normal  to  tile  load  (i.e.  area 
ineliiitsl  at  o  to  the  hoi'i/.ontal).  Wliile  the  former  ease  applies  to  tracks,  the 
hearin.ir  eapaeit.v  of  whi'cls  is  hetwcen  thev  limits  iind  has  to  be  interpoliitod. 
Tlu-se  limiting  hearing:  eapaeiiy  factors  N  and  .N,,  for  a  roueh  base  have 

^  •  ‘I 

heel)  ohtaiiuHl  inevionsly  •  and  are  (riven  in  fi;r:s.  *2  and  3,  which  show  that 
for  a  pivni  inclination  n  of  the  lead  an  iio  liiuHl  e(>ntact  area  has  a  tJi‘''<dcr 
bw.rij"T  capacity  than  a  hoiizontal  area;  the  factors  for  snumth  anuis  arc 
somewhat  smaller  in  iULunlance  with  e<|.  G. 

The  hcniiiig  ea])aeity  factois  for  hoii/.o.ita]  contact  aivas  deciease  rapidly 


f tu‘l  tial  i>f  Imh'I  a. 


Ini’tiimtiiMi  of  rontntt  nriM  a. 


Q)  foniacl  nfo».  h)  IiirllnC'l  ooiitnot  iirei. 

Ki^;.  X  -•  I'onrin;;  «*H|'.nrity  fn»‘tor<  for  «*ohc!»inhlf*.'‘  n)utciiH)>. 


WliiU'  till'  viTtic.’il  <-i>iii|ioui-iit  of  tl'.i'  !>i';i»'in^  i'ii]);u'it y  ilmviisi's  for  jrrcatoi' 
viiliU's  of  o  -  •111(1  :J),  till'  tlu'<HTlu-al  trartivi*  I'lTort  or  liori/.oiital  [iroiind 

resist  a  m-c,  whit'll  is  uoviriu'il  hy  tlic  I'.ori/.or.tal  I'linipoiii'iil  of  the  lirariiip 
I'ajiai'ily,  iiii'ri'ascs  with  incliii.itioii  of  thv  loail  to  a  ma.xinuim  vahto  :mil  tlictt 
ih't'rt'ascs  to  a  inininniin  for  n  “  MO*  li'>is.  ♦  and  as  sliown  also  in  tip.  4. 
Within  till'  praotiral  laiipo  of  tlii'  data  pivvit  in  ftps.  'J  and  tl.  tlic  inaxiinuin 
traotivi’  I'lTort  raimot  cxci'i'd  ahout  oni'-iinarti'r  of  tlu*  inaxi'iniin  valitp  of  the 
nltiinafi'  hi'ariiip  rapacity  (n  —  0)  in  l■olu•sionh■^-s  soils  or  alxiu'  oiu'-lialf  of 
till'  nltiiiiati'  Ix'arii'p  I'apacity  in  cohi-sivc  inati'rials. 

Moreover,  the  niaxiniiivn  tln’oretiral  value  of  the  tractive  elfoit  of  an 
inclined  contact  area  is  prcati'r  than  for  a  hori/.oiital  area,  e.s  would  he  oxi'cctod. 
Tlic  results  of  loadinp  tests  on  roiiph  model  footings  with  inclined  loe.ds  on 
clay  and  sand*  are  found  to  Ih'  in  piHxl  apreeinent  with  the  theory  4). 

Tile  tests  with  liori/.onlal  eontaet  areas  are  rejuvsi'iitative  of  pninser  plates 


;uid  show  llio  iinj)iirt;iiir'*  nf  i‘ni!x‘<lni»iil  ticptli  on  tin*  Inni/ontnl  ffronml 
n-sistance. 

In  onl»T  to  iijjply  the  proposinl  of  luialysis  to  vcliiclc  loa(ts  in 

practiop,  the  furvi'd  (noiind  pniitact  area  lias  to  hi'  roplacpil  !)>•  an  eijuivali'iit 
pUuiP  ri'cliiiifruliir  arra  at  an  rlTi-i'tivp  avciapp  ih'jitli.  For  wliccls  the  averaixe 
fontael  ileptli  1)  is  ronj;lily  one-lialf  of  tin-  total  sinka"(',  to  which  the  ileptli 


t'lilii'-laii  c  licii'iiv  X  I'liM'  vviillti  ylt 

n\  Ti>l>  "n  rl.iv.  b)  Ti'-a:*  npi  Sitinl. 


4  111'  If-I*  •'!>  Iii>ri,-..ii.lal  fiMiliiij;:*  wilh  inrliinii  Umd. 

Tot  riv-ait^:  — ;  I'loairv:  — ;  Siiiji  1>/H-jO  X;  - - ; 

Sppinre  I  >/  It  —  It  O;  S*|a:iri»  IMa.  I  Q. 

Ill  the  sji'tils  has  to  lie  aihhil  io  the  cast'  ol  spiulih'd  whci'ls,  hiir  siiunith  tracks 
the  avera"!*  depth  I)  is  .  ,-;ii  iixiinately  jrivt  n  by  the  tnl.'.l  siiikaec^  while  for 
(irimsi'r  plates  atnl  spiiiMiil  tcaeks  the  i-lTiclive  ilejitli  is  eipial  to  the  siiiknjje 
pins  the  ili-pth  of  the  j^roiiseis  or  spials.  An  csliinate  ot  the  sinkage  ol  vehieles 
is  heyoitii  the  seoiie  of  this  pa|ier  and  ean  he  based  either  on  a  seini  etnpirieal 
a|>proaeh  ’  or  a  correlation  of  field  observations  with  penetration  or  plate 
lieiriiifr  tests  for  various  loadiitfi  and  soil  eoe.dil ions. 

Conclu.vlons.  —  Uccenl  researel.  on  the  hearing'  rapacity  of  soils  under 
inclined  loads  can  Ix'  aiiplicd  to  wheeled  aiul  traeked  vcliieics  on  sni!  or  siiovv. 
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The  tlio(iry  iiuliciitrs  that  flu'  hi'aiiti^  papacily  (U’crcnses  rajiuUy  with  greater 
inclinntiuii  of  tlu*  load,  winch  is  sii]t|u)i't('d  hy  the  rpsiillf  ot'  loading  tests  with 
niodol  footings.  The  inaxiiiuiin  tracticc  efTort  is  foiiiitl  to  inerc.-i-se  with  inclination 
of  the  load  to  a  inaxininin  xalue  and  then  decreases  to  a  minimum  for  a 
horizontal  load.  The  proposctl  aiialy.sis  nsjnircs  an  estimate  of  the  siiikagc  and 
further  work  on  lids  prohleiu  is  leiiuired. 
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Forecasting  of  trafficability  after  traffic 
for  sands  possessing  structures 


Previsione  della  possibilita  di  passaggi  successivi 
su  terreiii  sabbiosi 

Tu.vrnr  viiii.irv  IO;skah('h  Tfam  •) 


ABSTRACT.  —  It  ha.i  been  found  that  in  dry  drscrt  snnns.  apart  from  the  leeward 
slope  of  dunes,  the  sand  yrains  are  cemented  toc/ethcr.  although  the  cementation  may 
be  destroyed  by  pressure  o!  the  lingers.  Such  sand  ij  said  to  hare  a  natural  structure. 
Due  to  this  structural  <:Uarocteri.<tic.  initial  hearing  strength  nl  the  ground  ptior  to 
traffic  Is  greater  than  after  it. 

Sands  possessing  structure  prai  ide  an  example  of  o  case  where  neither  the  Vicksburg 
method  nor  the  Dekker  method  is  adegunte  sufficienrly  to  forecast  trafficnhility. 

Sands  possessing  structure  require  a  field  test  iii  order  to  predict  their  trafflcabiUty 
after  the  sand  li  disturbed.  The  lalue  obtained  is  a  proper  measure  of  the  soil 
a  military  reconnaissance  party. 

After  experimenting  with  .seicra!  field  methods,  a  crude  but  ef/ectice  test  was 
found  satisfactory.  .4  hole  is  dug  in  the  sand  and  refilled  by  the  same  material. 
A  soldier  compacts  the  sand  by  tramping  by  foot  until  the  original  level  of  the  natural 
surface  is  reestahiished.  Cone  index  inlues  are  taken  from  the  location  before  and 
after  the  sand  is  disturbed  The  o'Uaiitcd  i.'  a  proper  measure  of  the  soil 

strength  after  remolding,  yer,-  practical  purposes  innatlcns  of  *  IS'r  in  cone  index 
values,  which  are  common,  are  not  considered  detrimental. 

Introduction.  —  Soil  trjifiit-.-ihilify  |>ii'!!iiiii'ii  is  hasnl  dm  a  knowli-dge 
1)1'  cuMiliinJit lull  of  f;u'tDi’.s  ri-lati-tl  to  vcliii’Ics  aiul  those  n  laU'd  to  .soil.  l-'aetoi’S 
ii'lat<'il  to  veliieU's  iii'c  fixid  iiinl  aro  easily  ileti’iiDiiieil  ili'iKMulinjr  on  tlie 
IH)-elianie;;I  cliaiaeterist ios  of  tlio.se  vi-liieles. 

It  lia.t  heel)  fuuiiil  that  :m  di>'  <lc.sei-t  s.itiils,  oxeept  for  the  lemvcMl  elope 
of  dimes,  the  saml  "rains  ai'e  eementeil  toMi-l I'.i'r,  althoii"h  the  oeMieiitat ion 
may  be  dest roved  hy  the  pre.ssure  of  the  lin”i'i-s,  Sneli  is  said  to  have  a 

natural  .strtleinre.  Due  <>  this  sti  iielur.ai  eliai  aeteristie,  iiiili.il  liearir."  .stroi)  -th 
of  the  jtiound  prior  to  traflii*  is  "leater  than  after  it. 

The  doteriiiinatiuii  uf  jiropertii's  of  sands  possessiiij;  strueture  poses  a 
lu-ohleiii  that  does  not  have  a  eompKte  sohition  hy  vitlier  of  the  two  methods 
in  Use  hy  the  I  .  is.  Army;  the  Viekslmijf  iiicth<>d  u.sed  hy  the  Dorps  of 
Kiif^jiu’ers,  and  tlie  BehUer  methtul  u.sed  hy  the  ( iidii.inee  Dorps. 

This  paper  icporls  the  results  of  expmainents  :iiav!e  to  find  a  tjuick 
praelie.’il  method  Uir  eNlaolishin."  thi'  usahh*  Done  Index  for  siiiiiis  havinjr 
natural  sfrUetnie. 

■)  t’nriis  i>)  laiaineeM  I-raet  Pofonec  .\riev. 
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Strength  characteristics  of  sands  possessing  structure.  —  A  stnietural 
|ilu‘tioiiU'iiun»  in  siinu.s  is  a  rrsidt  of  n  ('(‘inciitation  process  by  small  mains. 
An  appreciable  i*e  men  tat  ion  may  In?  olfca-rnsl  when  the  pereenta<'e  of  fines 
(passing  No.  20()  screen)  raiiftes  n'i  -  lOCc-  ^Iraph  1  dejiiets  a  eomparison 

of  iiicchanical  analyse.s  of  siiiu!  from  the  dune  region  in  Ynma  U.  S.  '  where 
the  percent  of  soil  pjissinn  a  200  s<-ii-cn  is  S  and  s;ind  from  the  dune  regions 
in  Israel  wlu'i'e  the  per  cent  of  .soil  jiassiii};  a  200  screen  is  o  ^c. 
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The  sinieture  found  in  s.iiid  in  Isr.icl  was  ohsi-ivi'd  to  be  ,i  teinp.orary 
state,  var.isluiij;  when  tlie  stiil  was  sttiiktsl  by  r.iin.  and  nappearin^  when 
it  h:i<l  leiielu'd  a  moist  to  dry  condition.  Itiiiph  2-  depicts  ground  streiiiitli 
tpeiietratioii  resistiinee)  versus  iiioistuiv  content  rebii ionshijis  for  sands  of 
vaiions  densities,  li  is  noticeil  tluit  then'  exist  eieat  difl'erenees  of  streiiftth 
within  the  limits  of  capillary  moisture  jnevailin!'  in  des'.'rts.  .\  variation  of 
0.1  |ier  cent  of  moisture  within  0..‘»  -  1..') nu'islure  r;niee  is  hiphly  inlluential 
in  \ar\ino  the  saml  .itrenitth.  particni.irly  .it  tlu’  hij;h  dry  diii.sities  of  the  s.md. 

The  relatioiishiji  of  t'one  Iiulcx  versus  the  linmher  of  eoiniileted  vehicle 
pa>.ses  for  one  site  in  Israel  is  shown  in  uraph  2  for  dry  and  for  moist  sands. 
The  ordin.ile  reinesents  Cone  Index  readino  of  the  0  -  ti"  layer  taken  after 
a  vehicle  hail  completed  its  (>as.ses. 

It  is  oh.seri'ed  from  this  relations!ii|i  iliat  the  initial  sand  I'eariny  slren;rth 
is  reduced  to  almost  one  third  of  the  ori.eiind  value  after  the  first  vehicle  ]iass. 
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IihIp.n  rtinl  tirv  flpii.iil it“!t  while  the  .ilis4-rss.i  n'presenis  the  iiiinilicr  of  pusses 
foinpli'Ieu  !)y  ii  voluele. 

(;ritj)h  ■')  nntl  l!  lU'iiuitistiMti-  esp«Titiu‘i4ts  pi'ii’onne*!  in  Isi-.-n-l  with  a  Kix'nch 
A^(\  t.iiik  iin<l  with  a  ton  .M  37  4X4  tnn-k.  It  lios  Ixsn  found  that 
nt  a  piuticiilar  location  ilu‘  stiuciniv  was  <Ic.sli<)yid  to  the  same  dof'iX'C  by 
two  different  vehicles.  I*nlvc,i/.ation  of  the  .sjinil  l»y  Ixith  the  lank  and  tlie 
W4-:ipon  carrier  rethna'd  tlie  streiioili  i>f  the  "rtnind  fi'oin  a  (‘one  Index 
of  about  120  to  tiO. 


0  tc  b  *  Vticx  boloro  JraH'ic 

Cirni’h  7.  —  *»f  iiiina!  vsiie  slifar  wtih  roiii*  inOft  in  frirlional 

o»»ar>e  ijraino*!  .M»iN 


A  suggested  procedure  for  predicting  strength  after  sand  structure  is 
destrojed.  —  similai'  pulvi'ii/ation  iiy  tv-.  dilTcrent  \tliicles.  yiclditifr  identical 
ultimate  Cone  Indc.x  \a!iu's  justify  the  assumption  that  itrisl iction  of  tlie 
strength  after  hreakdown  of  sand  strueiore  In-  difi'eiiut  types  of  vehteh's  could 
be  done  regardless  of  tin-  eh.iracteristies  of  the  vehiele. 

It  may  td.so  he  a.s-snmed  tlsat  win  a  ■lesti  uetiim  of  .structure  takes  place 
there  is  onl.v  a  tdnmgi*  of  hulk  density  )H)t  in  moisture  eontiott. 

The  nielhods  which  h.ixe  In-en  e:iiido_\ isl  in  Israel  for  tlie  purpose  ot 
predicting  hre.ikdown  of  structure  iiichnlcd.  using  a  shear  vaui'  and  a  peiu-tro- 
iiieter.  Tests  were  also  made  as  to  the  effeet i\ eiiess  of  hnsikin  :  down  tlic 
structure  by  use  of  a  ha\(mct  and  a  shovel. 

'I'he  purjiose  of  the  Use  of  a  shear  vatic  was  to  establish  the  ratio  of 
streii'.'tli  between  initial  stniioth  for  uinlistiobed  comlit ions  and  the  remoldeil 
value.  There  also  exists  a  correlation  Intwecn  the  slierir  vane  value.s  and  the 
I’one  Index  gi.iph  7 

The  vane  used  in  the  trials  w.is  a  •>"  liy  2"  vane.  Satisfactorily  eoasisteiit 
v;i!ie  ii  .ulings  I'ould  not  be  determined  u;r  a  mnnber  of  ri  asous.  .Vppreeiable 
di.iturl'..nee  resolteii  fri  ai  the  penetration  of  th.i'  vane  into  tiie  o.igiiial  ground, 
and  the  rate  of  rcle.tion  of  the  vanes. 


TIk'  (•frt'ctivi‘ii(‘ss  of  bnoikinjr  down  the  structiirp  v:is  1ric<l  by  the  Jise 
of  fl  l)ny()n('t  oiul  tlu“  ust'  of  a  slion-l.  In  ilie  fii-st  instance  tlie  structure  was 
l)roken  willi  a  bayonet  witliiii  a  10  cm.  diameter  area  and  piv.s.si'il  l)ack  to  the 
original  (;riuind  level  by  fool  pn-s-siiiv.  Cone  Index  vahie.s  weix-  taken  l>cfore 
and  after  this  proet'dim*.  This  priM-islnn*  was  m»t  siiitahh'.  The  I'csidtiiifr  (.'one 
Index  values  abtained  were  found  to  l)e  too  liijjli,  Ins-aiise  of  the  passive 
i;-.sistaMee  of  the  iindistarlu'd  s;inil  .suiToundtni;  the  small  voliiine  of  distiirls-d 
material  tester 

Tlie  second  instanee.  the  us*-  «»f  a  shovel  in  l)reakin;r  <1owm  the  striicHtrc 
led  to  the  proiiosisl  pioeedure  iiir  deti-riiiinin!;  the  Cone  Index  after  tiaffic. 

A  hole,  ahold  40  eiii.  in  •liaiiieicr  and  :!(l  eta.  deep,  was  du}'  with  a 

shovel  in  a  clean  and  (hit  plan-.  The  excavated  sand  was  hroki-n  tip  and 
placed  ill  a  pile  iieai"  tile  hole.  Then  the  p;ilveri/eil  material  was  jdaeisl  hack 

ill  the  hole  anil  eompaeti-d  hi  tiaiiipill;'  hy  hmt  nnlil  the  level  iil.iti-hed  that 

of  the  iiinlisliirhed  cidiitnl.  Com-  Index  readings  were  taken  from  the  filhsl 
liH-alioii  h.-fore  aiul  after  the  hole  w;is  dll".  With  this  pioeedure  it  was  found 
ihal  the  ratio  helueen  tile  Cone  Illdesi-s  iM-fore  and  after  destriletioll  of 
sand  sliiietiire  cheeked  Well  with  tin-  aelii.il  fielil  test  resoits  lii-rore  and  after 
the  passiii"  of  a  liist  vehicle.  Althoiix'li  then-  were  diffiieiu-eH  of  alvoiit 
l-'i'i  in  the  Cone  Index  for  diffen-in  sand  locations,  it  was  eoiisidi  ied  llud 
sueli  vjii  ialions  were  not  detriim  ntal  lor  praetietil  purposes. 

Conclusions.  -  -  'rratlieahility  pri-<lietiou  in  regions  with  sands  possessing 
a  natural  sliueture  presents  a  ju'ohlem  which  is  most  .sat isfaetoril.v  .soIvihI 
hy  on  tlie  spot  Held  trials. 

The  pruposeil  iih-iIi'hI  is  a  (-rude  one.  hut  it  mis-ts  the  retiuirements  tor 
the  milittir.v  iiuui.  It  is  simple,  easy  to  iierl'oria  and  ti  rapid  method. 

.1  f7i‘.VfM17./'.7n;  1/A',\T.  —  The  Tr.oli.  aliitil  v  Ki'se.ir.ti  Trara  wisliis.  In  nikiiow- 
lcil;:o  ils  unuiliiile  to  I’roli-s-or  i;.  /.eillea.  ('ll^unn;ul.  DejmrtiMciit  of  Soil 

KniciiM  i'ri;i'.'.  Israi  l  Jnslilulc  ol  Tei  liiuili."y.  Ilaifn,  for  liis  miidium’  and  ii'sislmn-c  in 
the  pi'epiiriiiion  ol  llii-  paper. 
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1)  Corps  of  hla^ineers.  I*.  S.  .\rmi.  T**-.!.  imi  I'ourse  ^^i.-oiied  soils  witli  >olf|.ropollc.I 
aiol  novo. I  vi'liivle..-.  TM  ll-'Jia.  Siippli-inenl  I.'*,  .lune 
it)  .\ir  Koroe  Snrvois  in  li'oopliysios  i  C.  lii-iuole  iteltTioiiinlioM  of  soil  I  rallioal'ility 

Uy  Ilio  .V.-riiil  Ci-io-iroiiu-li*.'-.  Ni*.  7«,  Oi-l,  Uiys, 

I)  ('or|H  of  Kiiiiinoors.  f.  S.  .\riiiy.  I’ilol  l  —  l.v  on  otoiroi-  croio.'d  -oil...  Soppl. 1111-111  l.t: 
Ilo-i-nreli  lool  ilovi-hipioeHl  rojwiri.  T.'l  tl-'Jtii^  Nov.  IPo.'v. 
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W.  J.  TurnbulL  —  In  his  |>i'i-s<>iit;itioii  of  tlip  iwiixr  on  Iniftienhllily  foreca.-.tsDe 
Major  ('ohm  cavo  mi  iiitcirsliii^  ilisi-iissinn  on  siiinls  j,<>ssi-s.>iii}j  .som«  stniotural 
It  is  lioHcvi'il  that  stnntiini!  strength  in  smols  rc|ir«-smts  the  PX(’i‘|itioiuil 
nilhrr  lliiiii  llu'  lll•rllull  onsf.  It  is  I'lirtluT  hrliovrtl  that  .slnn-tiirc  in  sninU  ran 
ll.■^llaI^y  ho  lilt rihiitisf  to  soiiio  I'onii  ol  t'limiiral  coiiiontation  orTiirrin^j  in  luiturr. 
Till"  |ii'ul>lmi  Iioio,  as  in  fuio-^niiiKsi  soils.  invotvi>s  a  rfniohliii!;  process  with  a 
«-haii;:i-  in  .^tivn^th,  n.-niilly  ihiwnwnril,  at  loasl  in  the  lirst  few  vehii-Tihir  i»asst^ 

'I'hi'  I  .  S.  Aniiy  Kn;;iiucr  \ValiTivay>  Kn ticriini-nl  Staiimi  has  <aiiii1ni-to<I  rolatively 
leiv  ti’sts  in  stnirlnri*il  saiiils  ami  «••>ll•.<•l|ll(■ntly  lias  nut  sjM*rilimlly  a 

system  lor  evalnatinir  the  stieniith  Ii»ss  ii|>on  (list  in  hanre.  lloweviT.  it  is  helievrsl 
tliat  tins  eniihl  he  aee<ini|ilisheil  liy  rorein-;  a  thiii-walhal  eyiiniler  U  iinhes  to  S  inches 
in  diameter  into  the  soil  and  liri'ak.iii;;  the  slrneliire  of  the  sand  in  the  eyliiMer 
hy  ranimnn;  with  a  roil,  .-are  heiiij;  iiseit  not  to  density  tin*  .•.ami.  The  cone  inJei 
woidd  he  iiieasiirtsl  in  the  eylinder  in  ]>laee. 

Tlie  MielluHl  |iio|Mis(st  hy  the  Isnieli  team  has  the  merit  of  lojric  nml  siiiijdiciiy. 
ami  if  it  ean  he  shuan  to  result  in  a  j^nod  estimate  of  vehiele  jicrroinianre,  it 
« ill  nmliinlileilly  leeeive  wide  aeei-|itam  e.  Tile  Watera ny.s  KxiK.*rinit‘i!t  station  will 
try  out  the  laellnal  i,t  the  next  ojijMiilnnily.  .Meanaliile  it  aonid  he  iiitprc.stiii"  to 
study  tile  resnil.s  of  any  Inrther  le.stin;;  thal  tlie  Israeli  Tralhci.ltility  Hesearrh 
Team  iaii,v  have  done  on  sands  po.sse.ssim;  strneturc. 
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Elastic  response  of  soil  to  tracked  vehicles 

Reazione  elastica  del  terreno 
al  passaggio  dei  veicoli  cingolati 

K.  T.  Skmg*)  K.  K.  IIofkr**)  -  X.  A.  Wm.  ••*) 


ABSTRACT.  —  Tilts  paper  presents  the  results  c/  ui>  experimental  study  on  the 
strain  distribution  in  soils  tinder  loads  simulating  the  compter  loading  pattern  produced 
by  tracked  vehicles.  The  strain  pattern  prodir.ed  by  this  loading  was  measured  at  twelve 
locations  in  tieii  soils,  a  .silty  clay  and  a  plastic  clay. 

The  e-rperimental  work  was  .supported  by  anniyticat  studies  in  which  an  exact 
solution  was  developed  /or  the  strain  distribution  in  semi-infinite  media,  baaed  upon 
Love's  solution  /or  an  elastic,  hom'rgeneous  and  isotropic  medium  subjected  to  the 
prescribed  sur/tice  tractions.  Coniparl.son  of  analytical  and  eipenmentat  results  Indicates 
that  the  theory  can  reasonably  predict  the  actual  response  churacteristics  o/  the  ioil. 


Introduction.  --  'I  Ih*  puiitoM-  of  lln*  stinly  ri')Mirtr«l  in  this  paitcr  was 
to  (IfIcriiiiiU'  tlio  iKlnUtiH-y  of  tlir  thi-ory  of  iliLstirity  to  jdvdict  the  st 
.•ind  stfiiins  in  soils  |)f(iiiti(\sl  hy  vidiiidt*  huids  on  tho  siirfai'i'.  Tt)  iici'oniplisli 
this  till’  llu'orcl  i<-al  dilVi  i'cntial  disphirfiix  iits  piihlitci-d  al  various  loratiolis  in 
a  (lin-c  tliiiicMsioiial  soil  Mirdiiiiii  I>y  a  liack<sl  vcldih-  wns*  firs!  coinitiiti d  from 
the  ihooiA.  Tlif  actual  disptacviMciils  at  lhcs»’  liM-atioiis  wcia-  llu'ii  nuoisiirt'd  in 
two  soils  in  tlio  (ichi  and  tin*  nsiills  oanpansl  with  thisnvlical  prislicliuns. 

ni.storic.illy.  the  <1«  tnaiiii.ilion  of  stn-ss  and  slraiti  distrihulions  in  soil 
Is'iic.-itli  a  snrfaco  lo:id  has  Irn-n  tin*  snhjccl  ttf  many  thcoi-cl  ical  stiidios. 
llowoviT,  few  atli  inpt.s  have  hren  iiiado  pri-viotisly  to  cv:dnatc  theso  thi'orrtieal 
results  cxpcriiinMitally.  <hic  of  tin-  nov  major  flVorls  in  this  n'card  was  a  si'rii's 
of  lar}.'c  s('.ilc  tests  conducted  at  tin-  Waterways  lixiH-riiueut  Station  ••*•). 
I’rimary  consideration  was  oivcii  ti*  iiicasuriiiji  stresses  at  various  liK-ations  in 
tile  soil  licncatli  a  footiniron  the  surfais-.  Although  ••xiict  aorccinenl  will)  the 


•>  l<v«.t»nr<*h  Kiiguircr,  Suil  Arni'Mir  Kr>«’nri*)i  V%»u)iint ion  «>f 

llliiitiiT*  iif  'rc«’li ,  I'liirnt:**,  lllinoi.-*. 

•^)  a II  t  Kngiorer.  Sirnrtur.il  MiM'liaiiii'%  Armour  Kc'carcli  KouHtlnt  ion 

of  llItiHMs  ill!*;  tif  'IVciiiutltigy,  riiirago,  Illinois. 

•••)  Piri’cittr,  Mcrliaii‘M'5  HoM’nr<'h  I'i>i-ion,  Armour  Wiv*»ftrch  Kouiulat i«»n  of  Illinois 
Iiitititillt*  of  'roclnuiloyy, 

*••■)  I'.  N.  Army  Kugini-cr  \Vnl»«rv\r\\M  Kxprrimrut  Slaliou,  <  1  iina»>! igation?*  of 
I'ns'* II r»’s  mill  1  h'iltM'tioiiH  f'»r  I’K’xililf  I’nv«*uu*nt>:  Ucporl  No.  1,  1  loint'gPinMiiiH  f‘layoy  • 
H'lt  'I'cst  St‘rliiJii»,  Vicksluirg,  Mi.**".,  Mnfch  UMI. 

I*.  S.  Ari»i\  Kngi'ircr  KxiMTimcm  Siatton,  i  ln\ t*stignlioii:<  of  3*rossiirc.'< 

UH'I  Ik'lloctiiHi.s  for  i'li'xiMi’  l’nv«*niri:l>:  K«‘|H.r|  X«.  4,  Hoino*g*Mirou«  Smul  To.hI  Soolionx, 
MIk-x.,  Dcrcinlu’r  iPal. 
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varioiw  tht'orvliivl  solutions  evaluiitod  was  not  obtained,  llio  ''i‘noniI  bcliavior 
conformisl  n-asonjihly  well  with  analytical  predictions. 
lnlii'n*ntly,  it  is  difTa-ult  to  obtain  exact  sti-css  values  in  a  thcce-diiiKuisioiial 
soil  nias-s.  This  is  lassHise  of  the  unavoidable  int(‘i'a(-tion  iM'twecn  the  trage  and 
the  .soil  which  chan<ti's  the  stivs.scs  from  those  that,  would  la-  obtained  were  the 
piUO  abse'iit.  Strains  or,  in  efl'et-l,  diffi'i'ent iai  displaeemeiits  on  tbe  other  band, 
jaUentially  can  Ik*  iiieasuis-d  with  less  likelilusal  t)l‘  inflnenein^  tbe  .soil  response. 
This  is  la-cause  they  ran  Ik*  dclcrinincd  with  f^asics  which  have  little  r<*sistancc 
to  defortuaf ioii  atid.  tbcix-forc.  do  not  ilislurb  «  free  field  >  effeets.  For  Ihc.so 
rea.s<  ns  llie  appriKieh  taken  in  the  i>re.s«  nt  study  was  to  evaluate  the  theory 


Kij;.  I.  —  lt»'(.f . i.latiett  nf  .-•iirfni-o 

liinU  Kiii'lie*!  t*>'  lri»*-V»*"l  velii<-l**. 
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Kij^.  ‘J.  —  I.Dfut'eiii  i»f  jimie.i  for 
li.t'l  Ir^t. 


on  the  basis  of  dispbieeiuents  rather  than  stresses,  lit  the  rollowiiif;  papos  the 
iissuiujitieus  iitvolvol  in  tbe  tlusuetieiil  t'oriiiulatioii  are  listed,  the  exi>erinieiital 
apimraltts  bri'-||y  deseriUsl  and  the  icsnlts  of  the  fiebl  tests  presented  ajid 
eompared  with  the  tlu*oretii*al  predictions. 

Theoretical  solution.  -  -  In  tin*  tliviuet ieal  solution,  the  soil  is  repre.seiited 
its  it  hoitto^eneous.  is.itroj»ie.  line.ir  elastic  nialirial.  As  snrh,  the  properties 
iiiv  eoui|)letely  di's<*ribed  by  two  well  known  eonstaiits,  tbe  nioilulus  of  ol.-istieity, 
H,  and  I’nissou's  ratio,  r,  Tbe  v«-bii-le  loading  on  the  siirfaee  of  tbe  soil  is 
reiire.s).  iited  for  simplieity  of  thenretieal  ai)al.\  sis  b.v  a  unifonu  ])ressuro 
distribution  over  two  parallel  ns-taiif;ular  areas  (lij:.  I).  lOxec*])!  for  a  small 
rcfjioti  diieetly  Is-neath  the  load,  this  ilist rilmt ion  was  found  to  ;;ive  resitlts 
iiletitieal  to  tliat  of  a  nioiv  realislie,  but  more  iiivolveil,  non-uniform  distribution. 
The  position  <-tHudinales  x,  .v,  /,  are  oiven  in  the  dimeusionle.ss  foi-m  x/a, 
y/a,  Z/'a.  where  4a*  is  the  half  width  of  the  reetaiicle.  We  shall  define 
traiisverse,  lonojtudinal,  and  vertical  to  be  the  ilireetions  par.-dlel  to  the  x/a, 
.v/a,  and  z/a  axes,  is-sja-etively,  'I'be  leiii:! h-to-w  idtli  ratio  of  the  fectnncles 
Is  taken  as  10.  aiul  the  eenter-to-e*-n1er  sii.ieinj:  between  them  .as  10  a. 

The  compb'te  .solution  fur  the  .stresses  and  strains  in  a  homotreiieous 
isotrojiie,  clastic  lialf-.spaee  nnder  tniiform  surface  lo.-idiiifr  over  a  sinsrie 
irelatiKb’  has  Ik-ch  deriv«sl  by  l.,ove  *).  I)ue  to  tlieir  eiuuplexit.v,  the  eou.itioiis 


wore  lor  llio  Tiuvito  1 105  oloctronio  computer  ;o  Hunt  all  of  the 

conij>oiu'iits  tif  strain  <'<iulil  In-  <lotoriiiino<l  at  any  iioint  in  the  soil.  The  results 
for  the  assiiinoil  voliielo  load  ii'prosi-iitation  were  ohtained  h.v  a  suitable  sur>or- 
posilion  of  valnt's  <;ivon  l)y  those  oi, nations  for  two  suoh  rootanj'los  sp,io<-d 


TBiNSvrRSt  POSITION,  >/o 


ir:il  I  r;i iinn  orNf  sttil 

acrordiiie  to  lie.  1.  Tlio  dis|tlaroiuonts  wore  tlion  coiujnitod  hy  '.i.iiuiiie  up 
l!io  Mniins. 

I’lio  rosiiltiiie  I hoorot ioal  di- I'laroinoiUs  of  tin*  soil  alone  various  paths, 
rojiresT'iitative  of  tlioso  alone  wliioli  the  e^'J-'cs  for  ilie  lost  wore  looat''d,  are 
•shown  in  11?''-  -h  h  and  Tin-  airow.s  in  iho  insort  fi?ures  show  the  paths 

•)  !,ovc  A.  K.  H.,  «  Tin*  SI  in  a  StMui  lnlinitc  )>y  Prrs.siire  t»n 

l^art  t>f  llic  T,  l»i»v;il  Sm*.  Vti!. 
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Kii;.  *•,  Ki^Uir**  for  iltM  rilnil  ili^  IiuhI  In  -nil. 


VERTICAL  GAGE 


r.  —  I>ilTv<»'iil;;il  •li'j'liii'fiiii'iit 


is  to  till'  soil  liy  ;in  ;iii,nvr  wtiii-lj  is  scri'Wiil  into  ;i  j'ilot  lioli'  drilli'tl 

iiilo  till*  soil.  Till'  ciiils  of  ilio  liori/(ii)t:il  oro  coupliM]  lo  llu*  soil  liy  st.ikos 

wTiicIi  ;ii'o  pn-ssisi  into  tin*  hoiioni  of  ;i  ii.-in-ow  vortio.-il  slot  out  into  tiu-  soil. 
Till’  Ln'iitioiis  ;iri*  sliown  in  tijr.  2  ninl  o  )>lioton|;ipli  of  tin*  in  )>lnc'(' 

is  shown  in  tii;.  S.  Tin-  l•o^i/.onl;l|  n.i;ios  wen-  2  fo  in  luTow  I  ho  siiifiuo  iiiul 
till*  IT  fori' I  ICO  points  of  vorlic;il  vroo<s  woiv  I  in.  .mil  7  in.  hclow  tlio  surface 
o.\o(’l>t  for  jiiioos  .7  jiinl  12.  wliioli  wore  in.  ilco|K'r. 

Tlic  ilisplaiTnicnt  .sonsino  iToincnl  of  the  oaois  was  a  lineal'  (liffi'i'cntial 
traiisfonncr  •).  l?<Tativ»'  movi-niont  of  the  two  ends  of  the  caoes  produced  a 

•)  I.incnr  Dilfi'miiin*  Tr.'.ii>f«»rnior  l.\ m.'iini J'v  MinatfMn  C'orpo 
ration,  !'»’Hc  Nt?w  Jer-vy. 


th'on  if  was  flun  hy  |iuin]tit)^  fh**  watn*  hack  out  of  r?ic  tank. 

(!ii}'c  displnci'nn'nls  wcio  n-CDi-dctl  iliiriii}'  llii>  I'litii'c  loiulin}'  cycle.  The  test 
vus  perforinisl  in  two  soils,  one  n  silly  <'l;i_\'  tlie  oilier  a  plastie  cliiy.  The 
.s|iocificiilions  of  these  soils  hit  "ivcii  in  talile  1. 
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Results.  — ■  for  cMclt  "iini’.  the  irHTcrciilia)  inovi-mcn!.  5,  vviis  plolfcil  ns 
a  fiiiTetion  of  tlie  applied  ('rooiui  pic>suie.  p.  Two  c.\inii]ili's  showing;  hotli  the 
loadinK  and  unloading;  response  are  piveii  in  liy:.  10.  Tliere  "as  considerable 
variation  in  tlie  initial  rospoitse  of  the  tiajics  proliahly  as  a  result  of  placeiiieiit 
conditions,  l-’or  both  soils  tested  the  in.iNiininn  jrronnd  pressure  a])plied  was 
inneh  below  the  bearint;  eapaeily.  Kveii  so,  upon  nnloadin^r,  tli'  soil  returned 
only  ]>artinll,\’  to  its  oiit:inal  position.  'I'liis  non-ieeoveialtle  resjninse  <loes  not 
rule  out  the  nse  of  the  e'.-ist ieil.v  theory;  it  inerel.i'  leipiires  that  difl’erent 
oonslaiits  bi-  used  in  niakiiii:  ju'edielions  for  the  unloailiiif;  portion  as  eoini>are\l 
to  the  loMilinj,'  portion  of  the  e.xperiineiils. 

For  eoinjiai'ison  with  theor.v,  lhi‘  appio.siinale  slope  fS/j))  ol  the  loadinp 
liortion  of  the  curve  for  each  (ia;;e  was  deleriniinsl.  The  results  are  t;iveii  in 
table  2.  It  max'  be  seen  llial,  in  some  eases,  both  the  ina^'iiitude  and  sifzn  of 
the  difTei'ential  disjilaeenietits  for  a  oivin  hx'alion  are  diiVerent  for  eaidi  of 
the  two  soils.  The  vertical  diffeienl i.il  disphieenienl.  for  example,  ina.v  lie 
either  jio.sitive  or  negative  in  tlu'  /.one  b.clweeit  tl'.e  loads. 

From  resnlt.s  such  as  piveii  in  lip-s,  d,  4.  and  a,  the  theoietieal  Valin'S  of 
i/p,  i.e.,  difleiviKe  between  ai>propiiale  n/i>  or  w/p  \alues,  can  be  obtained 


ior.  — 


for  ojifh  ilk  U'l'ius  of  H,  r,  ;iiul  a.  lly  iiiM-iliiij;  tlio  vjilurs  of  «  a  »  and  8/p 

from  tlio  lii'ld  tosis,  a  rolalioiisl  ip  Im-Iwi-oii  K  and  r  is  ostahlisliod  for  each 
tliat  will  iiiiiUo  llu-  tln-ory  vsarlly  a^'iro  with  the  exporitm-ntal  results 
for  that  t'aj'o.  'I'liis  pri)\  ides  twi-|v«-  iiidi'iH'ioli'nt  r(|Uiitions  with  which  to 
rslahlish  the  two  niikiiows  K  and  r.  If  tin-  soil  diM's  n-spoiid  ;nvoialii>j;  to 
the  clastiritv  theory  ihrii  a  Niii^h-  pair  of  values  will  sjitisfy  all  •2  isiuntions, 
assumin';  that  the  rspri  iiin  iilal  lortliiMl  for  ohtainino  the  di.splaisuiients 
pnu'idrd  a  true  measure  ot  the  soil  is-.hjmhis**. 
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plastic  I'lay  an<l  silty  clay  an-  shown  in  tij;.  11  a  and  11  1*  n'siu-ct i\ rly.  In  eaeh 
case  the  region  in  wliicl.  the  inteiscctiuiis  lie  lua^’  lie  icaddy  seen,  liitei’seetioiis 
at  negative  M  must  he  cscluded  frem  coii.didi  rat imi  since  tiny  are  physieally 
nnteiialile.  'I'he  eurves  in  lit;.  II  a  tor  praoes  1.  •>.  It  were  omitte't  sinee  the\ 
apiieared  to  iiud fniicl ion  eiiln  r  due  to  placement  or  iustruinciitation  dillandties. 
'I’lie  average  \:dncs  nl'  hi  and  >'  for  the  positive  inteisc-i  ions  are  indieatod  h\ 
a  cross.  I'hir  the  silty  elay  these  valius  arc  I’i  ^  (’,00  ]isi  and  r  -  0.J2;  lor  the 
jda.stie  clay  K  -  22v)0  psi  and  ••  -  O.lo. 

From  field  oh.serval ions  it  was  known  that  neither  ol  the  soils  was  aetually 
isotrojiic,  the  deii.sily  and  still  nc.ss  varx  iiii;  ncasurahh'  in  the  vi'ilicid  diieetion, 
part ienla rl for  the  pla-stie  idax'.  Alsti.  .sonu*  S'ul  'list nrhaiu*e  uh\ious!\  ilnl 
oeeiir  in  ])Iaein;i  the  oa^es  and  hy  their  presi  iu'i'  dnrino  die  test,  h  or  thi'sc 
reasons  it  eonid  not  he  e.Npeetcd  that  the  eniAws  in  tio.  11  relatin'^  1'.  iinl  r 
would  all  interseet  at  a  sinch-  point  for  eaeh  soil,  ('onsiderino  these  dillienlties. 
the  recioiis  within  whiel;  lhi‘  intersi  ctions  lie  are  ipiite  well  ileliin  atisl. 

The  relative  values  of  i  .-letnally  ohtained  do  e.splain  sueli  phmioinena  as 
the  dilTereiiee  noted  in  the  siizns  of  the  dilVerenl ial  displae'iiients  lor  \ertieal 
j:aoo.s  4,  U  aiul  10  when  eomjiarino  the  5/p  \alnes  for  the  two  soils  (table  2). 
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Kij;.  n.. —  <*iif roUlion  «f  cxpcrinicnl*!  rr.-ultx  with  ihfory. 


4  sIkuvs  ;!’nt  tlirso  sl;oii|il  cxtonil  l'i>r  »•  -  0.;}  niiil  sliorti'u  for 

I-  -  (KI;  ilio  riMss-ovi  r  luiiiil  is  nrouixl  ••  —  0.2.  From  inMo  ‘2  it  nmy  Ik*  srcn 
lliiit  llic.sr  ■Tiijrrs  I'xti'iiilc.!  Tor  tlir  silly  rlay  (»•  =  0.22)  ninl  sliorti'jiod  for  tho 
|iliislii'  cliiy  (•'  ~  (i.l*)),  TIk's  tliv  rlianpi'  in  sifin  *)r  Ihi'si'  \iM'tif;il  (iinornitiHl 
(MM  1)1'  i'.\|>l:iiiKtl  iiy  liio  throry  iip*>n  tliis  siunll  i'lni”;re 

ill  I’ci.ssoir.s  rnlid. 

Couclusi.?US.  —  Tlio  tr.st.s  (Irscriln-il  in  tlii.s  ji.nprr  wore  roinhn  ti'il  In 

<•1)111]), -ii-c  till'  <lifft  I'l'iitinl  (li.sjilnri'inciil-;  in  .soil  lirnriitli  .n  tiiirlii'il  vcliirlc  willi 
lliiiso  jiiodicted  b.v  tin*  ihoory  of  oinstirily.  Tin'  lo.ids  .n|))>ru'il  to  tlio  soil  mito 
coii.'iiilrriilily  lo.s.s  thr.n  tliosr  wliirh  would  r.iusi*  f-Tiliiri’  of  tlio  soil.  Tin*  jifinciiiiil 
obji'rtivi'  w;is  to  c\:ilu;u('  tho  itj»]irii|/riiitcm'ss  of  Irciiliii;:  .soils  os  lu)mo,'zrni’ons, 
isv)t I'll) lie,  I'liislir  nnsliii  for  tin*  puijio.sr  of  ili’ti'niiiniii;:  tlic  stress  iiiid  .slr.Tin 
ilislriliiitioii.s  ori'.'iti'il  in  soil  umliT  ,i  ronijdcN  loiiilinp  piiltmi,  siudi  as  inipo.siul 
by  ii  tracbod  vrliirb'.  I’lir  romparison  was  nmile  basoii  njinn  iliOVri'iitial  displiTee- 
iiienis  r.illirr  than  stro.vscs  berausr  of  the  iidierent  ililTlniUy  ;iiul  uneertainly 
of  aceui’alidy  nirasurinp  llir  lailrr.  T!io  jr.i'ro.s  devised  for  nieasurinp  tlio 

disjilai'emi'iils  .npileared  to  j'erfonn  s.il isf.u-'iorily. 

Tlie  resiills  indicate  that,  while  the  roil  does  not  o.actty  satisfy  the 

llieoretical  assumptions,  the  tbcoiy  c.ni  bi*  iiM-d  lu  jus'ilict  i-casonably  well  the 


nrtiiilt  •ILs|>lact*i)iriil."*  nf  soil  inrlitdirtf^  rrvrrsnl  of  sipn  with  changes 

ill  Poisson’s*  ratio.  The  eoiT«*et  values  of  K  mid  ••  must,  of  eoui-se,  .somehow  ')c 
detenu inisL  The  <!LsjiIn«-enieiits  an'  determined  from  .stniiiis  wliieli  arc  in  turn 
develoiKsI  in  n-siMsiuse  to  the  losid  :i|>|>tiei)  to  the  soil  surface,  lienee  to  the 
esteiit  the  Ihisiry  ean  Ik‘  iis»sI  to  prediet  disphieemeiils,  it  can  eijually  well  be 
lists!  to  pnsliet  the  stressses  nn«l  strains  in  tlie  soil. 


j)  I  s  (  r  s  s  I  ()  .V  ,s' 

R.  ARIAKO.  —  lo  vorrei  •l<>iiiaii<lare  aH  illii.-l  re  relnlore  .si'iii)ilii ciiirolo  iiiin 
spicj^ozioiir:  nuei  iiiiHliili  <li  ela->tieil:i  ■■  (piei  eoellii  ieiil i  <li  I’oissoii  elie  I'^sli  lia  imlicati, 
seiin  .'•Inli  .kl.  -niiiaali  >eiiili!iis'i«ieiite  per  iinnililii,  >e  noli  Im  ia|iitii  male,  lieveijicnte 
.sii|H'ri(>re  at  liinite  plaslien.  Sun  rsitiu  .'liile  I'alte  ilelenniiiii/.inMl  niiilie  jier  mniilith 
tlieorst*.  Noi,  |ier  e.'eiiipii*.  iiel  ra;s*  <li  strade  preM  i'iviaino  e)ic  inni  si  ileve  inai  fare 
il  iiiniito  M*  pri'  la  t'uieidita  non  e  siaia  |Mirlala  al  ill  sntin  non  .miIo  ilel  liniite  pl.n.stieo, 
Ilia  niiehe  del  '  ite  <li  ritiro.  Net  eti-'o  del  lerreiio  initiirnlr,  •  i  .saia  iinello  elif  ei  saiii. 
tjiiiiidi  |s»r  svoh.'ere  !a  leoria  nii  pare  elie  .<i  ilovreldic  dire;  i  niodiili  .miiio  (|iie.sti, 
•se  e'e  tanto  irniiiidila:  sono  nin'>li  ahri  se  I’iniiidita  i'  iniitnre;  sonn  t|iiesli  altri  sc 
I'liiiiidita  (■  itiKsim  niiiiore.  I,n  niia  er.s  .seinjilieeiiiente  noa  domaiidn:  c  stata  lattil 
<inidehe  rieerea  in  niud  seii.so  o  nof 

N.  A.  Wnn*.  —  II  I  niideislioid  the  ipieslion  eurreelly,  1  h()|s'  I  can  aii>ivei'  it. 
The  aetmd  otoistnre  eoiileiii  of  the  ?sid  iviis  n-ry  near  the  plii'lie  liinil  --  a  litlle  hit 
alinve  it;  however,  in  our  approneh  to  an  attoiiipt  lo  lind  a  snilahle  tliei  ly  lliiit  would 
lend  to  prislii-i  the  lieliavior  of  soi!>  nnderiu'iilh  loaded  areas,  we  Iiave  .>i't  out  Hist 
to  inve-licate  the  adisjnaey  of  an  ehoiie  llieoiy,  isolojne  Innno'.'eneinis.  If  von  ns.siniic 
that  Von  are  dealiinr  with  an  eliflie  llieniy.  the  le'.jHinse  nf  ll.al  seini-inlinite  niediuni 
will  tio  entirely  dvliinsl  by  two  vahir.s  nnl.v,  nnlalily  the  modidii.s  iil’  elastii'ily  and 
I’oissoii'.s  ratio.  .\iid  onr  iiivesli^aliim  at  this  lime  illd  not  rx'eiid  heyond  the  )ioint 
of  Iryiii;;  to  lind  out  this  nnnli.  .\s  1  '.lid.  when  we  ^:o  into  iiiM'sll;:aliii;i  the  suitnhilit y 
of  viiriiiiis  ptastirily  tlieories,  wtiellier  ive  ns-nme  ideally  plll^li^•  Iieliavionr,  or  a 
ihlMil  ropie,  tir  .'nine  M'lnlilain  e  of  n  'Iniiii  hniilriiiiiij  li('lit\viiiiir,  ivhirli,  hy  the  wav,  is 
miller  evident  from  the  ts'Imvionr  oi  the  I'od,  llieii  it  would  he  valid  to  n.sk  whether 
laoisliire  eoiiteiit  iiilliu'imsl  the  plienoiiiinoliijiii-al  jiel  Im  inaiiee  of  the  xiil. 
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The  performance  of  rigid  cylindrical  wheels 
on  clay  soil  *) 

Prestazione  delle  ruote  rigide  cilindriche 
su  terreno  argilloso 


F.  li.  I'l  f  Kl-MANN 


ABSTRACT.  —  A  programme  of  mea3uremer\t  of  the  forces  acting  on  full  scale 
rigid  cpUndrical  wheels  when  running  on  a  purely  cohesive  soil  of  about  5  Ihs.  per 
sQuare  Inch  shear  strength  under  various  controlled  load  and  slip  conditions  Is  described. 
The  forces  (ti  question  are  those  of  rolling  resistance,  drawbar  pull,  tractive  effort  and 
both  radial  and  tangential  rim  stresses;  the  added  tractive  soil  reactions  provided  by 
ribbed  side  walls  and  radial  rim  spuds  attached  to  the  wheel  are  also  evaluated. 

The  erperlmental  results  are  compared  with  a  simple  plastic  theory  of  rut  formation 
providing  an  estimate  of  rolling  resistance,  tractive  soil  reaction  and  the  critical 
sinkage  at  which  stip  stall  occurs;  the  theory  Is  extended  to  cover  the  effect  of  side 
wall  traction.  A  static  theory  of  spud  reaction  valid  for  low  slip  values  Is  also  given. 

Finally  suggestions  are  made  for  the  design  of  a  wheel  to  carry  a  load  of 
3-)t-S  tons  suitahle  for  both  on  and  off  road  use. 


Introduction 

Ovor  till*  imst  low  yoiii-s  ii  j)r(>(;i!iiui)ie  of  oxi>i‘iiiiu>iit  Jia.s  Iktii  diiTiod 
o\it  lit  iiiy  Ksliilili.slinicnt  nii  tlio  prrfoiiiiaiuT  of  rij;iil  (ylintlriciil  loml  carrying 
wliocls  on  11  .soft  I'lii,''  soil,  tlio  olijoit  lioint;  to  dotirmino  tiu’  I’oitcs  iuMini'  iind 
to  proviilr  n  lulloi'  ninloistiiinliiit:  of  llic  coinlitions  iiiulor  wliiili  siicli  wlu-ols 
iii.’i.\'  Iw  ii.sod  succcssl'tilly,  Tlic  oxtniinn-ntrt  Iinvo  lucn  rxtv'iulod  to  tlio  invcHti- 
;;iition  of  Iniclion  aids  doIayiiiK  slip  stall  I'ailnro. 

Tin*  pi'isciil  iiccoiml  ilosciibo.s  tin*  nictliods  iisod  and  the  n-.'sults  olilaincd, 
a  colli pai'i.soM  lii'iiiK  iniidc  witli  a  simple  plastic  tlicoiy  of  dcforiniition  clarifying 
llic  ])i'olilciti  of  sli|)  stall  failure. 

A  s|)C('iiil  design  of  wheel  is  suggested  wliieli  should  give  gieatl.v  improvoil 
soft  ground  |iei'foriiiiinee  over  the  simple  e.vlindrieal  ulieel  witliout  appreeiiihle 
iiioiease  of  overall  ilinieiisions,  and  yet  1m*  eiipalile  of  reiisuniihle  perrormiinee 
on  hill'd  ground. 

•)  HrlliMh  (Vowii  ^’iipyright  rc.^crvctl.  Pnlili ‘hc^l  w’lili  prriiii.H.Hinn  of  llif  Coiiipl roller 
of  Her  Hritniiiiic  Mnje?»lyV  StiilinfM-ry  Olllce, 

**}  Kigliting  VeliirlcK  untl  Hrvelopiucm  K!«laMi!«Iiiiii'nt  ('hi/Miniti  Lnne, 

(’liorlMev,  Knglniitl. 


1.  Experimental .  procedure 


1.1)  Scale  of  tests.  —  KxiMTuncnt.t  witp  i-urripil  out  at  full  .sralr  to  avoid 
oiTor.-i  ol  .•d-iiliti};.  the  .'.eriv.-*  »t'  wIiwIh  iiivc.ttiffiited  la-iii};  i*4  in.-i.  in  diaiiu-tcr  iind 
with  thrco  nidtlis,  vi/.  Vi  ins..  VS  ins.  ami  il  ins.;  this  ran^e  hidn;;  kiinwn  to  s\i|i)>oi't 
tlic  riM|iiinsl  loads  of  H  *4  t«  ;»  tons  nt  a  sinka;;**  not  niiirb  rseooiliii;;  six  itichoi 
on  II  |iurcly  «•<llll•siv*•  .soil  of  .sliinr  stroii;:lh  nlMiiit  5  lli.s.  |mt  si|iinre  inoh. 


Vi;;.  I.  -■  tVlo*.‘!  Ii'sl  ri;;, 


l.J)  Test  rig  iP  •  ’).  —  Tin*  ivlirrl  inulcr  li’sl  is  iiioiinti'il  i.s  a  sti'cl  finiiii'- 
»(iik  ri;;  liiikrd  to  1  vid  Itrown  .»U  It  tiailor  In  a  j>arallid  rtiika;;«‘  and  )>ivot 
ill!'  linkau''-  hriii;;  ailJiistaliU-  for  In-iulil  .••(>  that  il  rail  iii.aiiilain  11  huri/.oiital 
workiii;:  |uisititMi  for  any  |nii  I  iiiilar  lioi!  siiikacf.  Tin-  two  axle  In-arinirs  of 

lln-  wlici'l  an-  Mi|i|Miili'd  liy  riii;;  >|iriii;;s  ol  .s|ii’fial  drsi';ii  ntlni'liisl  lu  tin*  ri;;  fvaiiii-; 
lla-  sni'lin  c  , si  l  ain  ot  lln-sr  .siii  ln-.rs  |iruvidiii!;  a  nn-asiin-  of  liotli  liiiri/.imtal  nnd 
vi'iliinl  lori'i-s  adiii;.'  00  (In-  axli-  via  win-  •'iiain  ;;.iii;;i-  I nin.sdin-rrs. 

Two  rliaiii  .■.iniM-krls  iiioiiiilcd  on  tin-  oliri-l  axli-  jnovidi-  a  iliivi-  for  tin-  lost 
win-i-l  111  sfli-i-lnl  lixi-d  sliji  viitr.s  riiii:;iii;;  from  /.i-ro  to  4ll  :‘lil>.  Thi.s  drive  is 
arliii'Vi'il  liy  I'liains  llnkin;;  to  a  si-roiid  pair  of  .-.|)i  orkrl  s  iniiiinl(-il  on  an  axU-  .sii|i. 
imi'liii;;  lliri’i-  nilili-  diiiii-.s  and  niiiiiiii-;  in  l>i-aiin;c.s  atlai|ii-i|  to  tlip  ri;;  I'ranu-u ork. 
Caldi-  wtnnid  on  a  .'l•Il‘l•1^•d  driiiii  or  pair  of  driiins  is  uawuiiinl  irs  lln-  Iractor 
inoci-i-ds  forward  tlicn-liy  foiriiii;  tin-  nsniiird  ih—rcc  ot’  .sliji,  the  fn-p  lalilp  pi.d 
lirili^'  aiirliori'd  to  tin-  ;:roiiiid  in  tin-  ni.-a-  of  a  simjlp  cahlp  and  dviioi  or  passed 
lliioii;;li  ail  am-lnired  piilli-y  in  llip  pa-e  of  n  1oo|M'd  riddi-  and  Jniir  of  driiliis.  Tlirei- 
diniiis  inn  llms  pimiilc  .^jx  srpnriili-  .-lip  values  r.iid  may  ini'liide  zero  .-.lip.  Fixed 
nr;;ali\e  slip  rates  nmild  la-  otitninaldi*  il  tin-  ealiln  r\‘i-re  oonnd  onto  a  druni  from 
a  point  aliead  of  l.ji-  liaelor;  provision  for  llii.s  i.s  not  nmde  in  the  present  de.^l;;ii, 
lint  n  iininnil  negative  slip  vnliii-  is  olitaiiiiilile  wlieii  tin-  wheel  is  iindriviii,  i.e, 
"lien  Mil-  ealde  is  di«i-oiiiieeti-d. 


The  ri>;  Iraiiif  Jojcfllicr  witli  tli«-  ivlnfl  wri^Iis  nboul  3,(100  H)^.,  uhiiOi  loml  onn  be 
inrrefl!«  il  m»  to  ahwit  ii  Ions  by  itw  a<liUlHM)  of  steel  sliib  weisrhts  to  the  panniers 
proriilliNl. 

The  ptill  in  Ihr  ealile  is  measnivil  by  a  lliinl  riii-,'  spiiie'  iittiirlicd  to  the 
(iilile  aiu-hnr  and  is  rxtsinUsl  tv^elber  with  the  wliei'l  n.xle  llmists  nml  ollii'C  relevant 
siinrsls  by  an  ultra  violet  ^ralvaiioinrter  rcrsinlrr.  Tin-  system  enables  a  (lelonnination 
of  ilranbar  pull  as  the  sun  of  bori/suilal  fnrees  ai'liiif:  ini  tlie  wbeel,  t(ii;el Ikt  with 
its  o{M‘mtiu^  tiinpje.  for  »-ae(i  eotolilioii  of  slip  and  axle  loading. 


ViK. 


1.3)  Soil  pit.  —  The  olav  s^til  n^ed  fo*"  the  expei  iineiil s  is  rnnliiilM  d  in  a  ]iil 
illifT  in  a  emierete  Ibnir;  it  is  d<t  leel  lon^,  d  leet  li  iln  lies  wide  .uid  .-nine  T  iVet 
dis-p.  The  lop  4  ft.  la\>  r  «inly  i-  the  le-l  .-stil.  llie  snl'-liala  eoasisl iin;  nf  sand 
and  i^iavel.  I’nnisinn  is  made  for  irn"jalioii  ol  the  -idi-lrala  uliile  llie  sniliiee 
iiioislnre  eontmil  of  ibe  «day  liv-t  ool  is  niainlaineil  by  sprayiao;  .-uliaee  lii-se.s, 
wlnai  the  pit  is  not  in  Use,  are  inii.iinisml  tiy  i!ie  ii-e  iil  a  • 'oly I lieiie  emcr.  Shear 
slieiiolb  is  niaie.'aineil  .at  an  approxiin.iiely  i  .  i,-|miiI  levet  ,iv  nn  islnic’  I’nidiid  and 
by  kaeadint:  with  a  droppiii^j  weiulit  loiiipa^lor.  The  kneiitlino  jninvss  al.'O  reldiin.s 
llie  rut  left  liy  .a  n  lieel  test,  I\m>  trr  tliiee  ]>a— r-s  Iieiiio  iieres-aiy  foi'  llils  |ini|ii)si'. 
.\  liolil  roller  i-  ii-ed  to  remove  -inrdl  -iirlaee  irreonlarilies  lei  I  by  the  riinijiaelor. 

'rill’  soil  Jiil  is  solUeieiilly  nnrn>«  lo  allow  llie  Iraeloi  u  lieels  to  In  idye  aeross 
and  run  on  lirm  eoner»'le  where  they  eaii  •b'Veloji  the  li4Te.-.-ai>  liaetivi'  tlVml  lor 
tile  e.viM’rinient. 

1.4)  The  nic.^suicir.eiit  of  rsdia.l  and  t~.nccnti,al  frrc'.'-,  artin?:  oii  the  wheel 

ritn  tfios.  o  ainl  3),  Inst  niinefilallitii  has  l.eini  prtn  ided  I'.rr  Ibe  ineaMireinelil  ol’ 
r.idial  pies-iiie  ainl  laiioeni  ial  lisotions  aelin:r  on  tin-  nbrel  lim.  I'm  Ibe  lase  ol 
\  dilven  n  heel  I  lie  bm  i/.oiitiil  i  oiiijHiiienIs  ol  llie  I  ;uiL.ini;  i:i  I  tiailiniis  intr.:raled 
over  the  me  of  etnitiiel  of  Mie  rim  with  the  -oil  ;;i\e  an  iinb'|Mnideiil  inni-uve 


Kij'.  .1.  —  Tnii;;»‘iiliul  tlt'vii'**. 
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Korfi*  i?<  »'«jiiiv;il»  ii!  n- 

sulhml  falrt'  oii  JiI 

.  X  V  from  ritpi, 

S*  rriiii  J’>***rH  €  A  ^  i  H  > 

;ili*l  ‘*4*;  rift*  iit  t  :t>  U» 

:\\  c  a  .*>  «  >  niol  <  r  > 

froiu  ritn. 

Si^na)  from  pair  pr.o 

poriii  ita)  lo  K  4a  |-  \)  **r  K 

ll»  •  x»  or  f*  {••  -?•  X). 

S):;iial  i  roiii  ,  H  v  is  ro('or'l»’»l. 

from  -r  A  >  aiiil  1 4*  > 
ai  •  •lilTor*  lo’i*'!  a»»'l  r»'.oir*Ioi|.  Tlo* 
rnini <) |tro|M'rlii» 
util  1.1  1  K  7  only  Jiii'l  iioli'i'i'r: • 

ili'ji*  i  f  4  X 

I>v  *  .'itihrat  ioa  K  ran  1»o 
rioni  ll>is  and  tlnw  4\> 

fri'iu  ill.*  fitijn 

KoTr.-x  avia)  iii  sjmd  i!ii  nui 
ran-'.*  Ih-ndiiij;  and  ar»‘  loil  ro- 
^•ord»••l. 


f’iH-  I.  —  In-I  rtiiiiriiltMl  s|>nd. 


of  tljr  li'io’livi'  M»il  ri'Mi  llon;  tlio  hmi/otilal  roiii}i()iionl  o|  tlir  vadia)  |*n'ss',in'  inlo;;iatoil 
oviT  iIh*  saiiu’  an*  i;ivf.s  an  iiuli-|»oinlnit  nioasmr  oi  juHin*:  H‘>i>tain‘r  u|»|*o>in;;  tlio 
tiarlivt*  >oil  nMrlioii  iiinl  tniuaril  oinon! .  l**or  ||h'  ohm*  i*l  tin*  unl>iak(*(l  louvd 
ulircl  thf  >tnii  111  till’  Iwii  iiih-LTratial  liiMi/.iiiit a)  (’i)iii|)niH-n!>  nui>!  ri'jiM'soiit  the 
rolling  roM^laJM'i*;  Iuto  iIh*  IoIjiI  lan^miial  Uartuin  would  la’  rxpri'tcd  to  l:avr 

a  vului’  /.oro  lo  iiuml  tlu*  /our  toiipir  40iM!ilii>n  ot  ninuiui;.  ilio  radial  coin j»oii«*MlM 

«*a»i  provide  no  tonpio.  Kor  llii*  rase  «»!  the  hiakcd  wlu-,*!  tlic  lt>lal  tangential 

tiartioa  woiiUl  hi*  iirualiv**,  and  tin*  iiilciciatrd  hori/.onla!  roinpunciits  ot  tin*  taM,!:cnliaI 
haitions  woiiM  add  to  tlu*  lolliiiir  vr.-islanrr  ot  di'lortnat ii»n. 


1.  5)  Instrumented  spud  for  tangential  reation  t.  angle  of  rotation  measorement 
(%  -i).  “  An  in  sti'uiiict\toil  siiiiil  fiMim*  is  iiroviilfi)  on  thi*  18  ins.  wide  test  wheel 
to  };ive  holli  n  niciisnrr  of  the  I'on-e  «h-\el«|M'»l  liy  n  spud  in  a  direction  tanj'Ciitial 
to  tile  wheel  riiii,  iind  its  erfeetive  riidins  of  ]i|iplicatioii. 


•J.  Theoretical  considerations 

■J.  1)  The  simple  plastic  theory  of  rolling  resistance*).  —  Here  the  wheel 
is  iissuiiu'd  to  have: 

n)  prodiii'i'd  II  rut  l•l(ll;ll  to  its  iii-liiiitniieons  siiih;i;.;«'  (plastic  delunnntinn 
williunt  ri'cover.v),  and 

h)  a  iMiiliinii  radial  |>rcs-nic  <|  over  the  arc  ul  I'lintact  with  the  soil. 

For  small  ainrlcs  nl  ..inkic.rc  <|  may  he  iiiciitilied  with  the  sniface  strip  lonil 
hearing;  capacilv  ;  hy  iiit)‘;;riili(iii  <>t  the  vertical  loinjimient  ol  i|  ami  eipialin^  to 
the  Vei'lical  loinl  W  the  sinkaue  5  can  he  .shown  to  have  the  value 


whci'e  n  is  the  width  and  I)  the  dmincli  r  ul  the  wheel  lim. 

Assnmiiii.'  that  rolliiii,'  ii'sislasiee  is  due  entirely  to  wink  done  in  eoinpressin;' 
ilown  the  nil,  we  deduce 

W- 

H  .12  a  ^ -  ,  {2) 

q  H  I) 

Now  ill  the  ease  of  (he  drivmi  wlua-1  U-l  .is  iissume  n  niiil’orni  tniiemilinl  force 
III  exist  over  the  lire  of  eoliliiet  will,  the  soil  ’*).  which  for.'.'  iimreascs  with  slip  ***) 
III. (I  has  a  laaxiimim  Viihie  .spial  to  the  value  ol  soil  eohesion  i’.  The  intiL,'rnt.‘d 
hori/.onlal  eom|Miiieiil  of  this  lone  will  tie  the  Inielive  soil  rciiclioii  T  and  at  .slip 
stall  eoiidiiioMs  will  have  its  m:i ximniii  vain.*  of 


Where  I  "  r  sin  « ;  o  ~  iOiele  of  sink:.);.*;  r  w  heel  ladins. 
I'niler  critical  slip  stall  eoinlitioi.s 


or ;  e  a  r  sin  a  .|  S  ii 

“  <1  a  r  (1  —  cos  nj 


•)  Sec  Urnckcr  I.  I.  lt.I..  Hep.  I  and  2,  tti'i.'i. 

'fills  slate  Ilf  iiffiiirs  tins  tiecii  fi.oiid  In  tic  os'iiil  lally  cnrrect  fit  Itie  slip 

rnl.'s  ronsi'lcroil.  See  ]»nrii.  .'1.4. 

^  *  —  ■  « 

•**)  I'eliin’il  ns - —  wlierc  V,  is  the  wlo-el  rim  vclncilv;  V,  is  the  linear 

Vw 

v.'locitv  of  llie  axle  rehilivs  in  ilie  eroiind. 


-no—  , 

Putting  q  =  ii.7 r  tfic  .snrfiii-p  fionring  <ii|wii‘ily  value  of  an  i<l«-ally  «  rofigh  »  strip 
footing  1VC  liavo 

."in  n  —  ;»  •  T  ( 1  —  «>-«  «r] 


fnnn  wlienoe 


<»  =  ;i<r  or 


=  u  *  «:t 


T)iu<s  it  woiilil  :i|>|i<'nr  I  lint  a  «-yliiiilri<-al  M’lici-t  n  illi  no  >ii|p  walls  would  fail 
nl  (h(>  afiovo  ."nilni:;e  on  a  purely  •oliesive  soil  irn‘s|HTli\'e  of  tlie  aeiinil  value 
of  soil  oolipsion  or  wheel  width:  it  wmdd  siall  Iwfore  n'aehiiig  this  sinka::e  if  the 
siirl’aee  layers  have  a  lower  slwar  stivnelh  tleui  the  iiieaii  shear  streteirlli  (,slii>[M-ry 
eoiiilitioii). 

Kur  a  five  fom  iliaaieler  wlnsd  litis  would  mean  a  slip  stall  failure  at  a  iiiavitiiuin 
of  uhoiit  ins.  ."iiihage,  nod  the  wheel  eaiiiiot  diive  forvvaril  at  greater  sinhages 
witliont  |>;<ivisioii  of  a>l<!il  ioiial  Iraetive  "tiil  leaelion. 

■J.  2)  Side  wall  traction.  —  .\ti  ohvions  .Muireo  of  iidilition:il  traetive  .'oil 
reaelioii  for  eohesivi*  soils  is  that  whirli  ean  Im‘  ohiiiioeil  from  siiitahly'  de.sigtied 
.side  wtill  plat(‘s,  I  sing  the  same  assiinipl  ion  on  adhesion  as  for  the  wheel  rim,  the 
iiiaNimiiin  hori/.oiilal  eoiMpoisenl  of  slip  resisianre  fur  side  wall  reaetion  is 

T  ~  ear  .sin  a  +  2  e  r-  [sin  <i  —  eos-  n  log,  (sis-  a  d  tan  o)J  (d  n) 

or  apino.viinaltdy  T  le  [ti  4  2  8)  t-th) 

anil  the  orilieal  eondilion  ohtained  liy  eijiiating  Iraetive  soil  reaetion  T  to  the  rolling 
li'sistance  It  is  nnw  inoii'  dependent  wheel  rim  width  and  oeeiirs  a!  a  miieli 

iiiel'eased  sinkngp. 

I’llftillg  It  ~  f(  5  a  ~  N',  e5a  where  is  the  appropriate  Isnirilig  eapneily 

eonslnat  for  tin-  lonling  slia|H‘  and  mean  sinkage*).  we  lind  lor  a  wheel  of  5  ft. 
diameter  and  1  It,  width  that 

8 

<i  —  I.V  and - -■  1)  •  2 

I) 

This  means  llnil  a  wheel  of  lliive  iliimaisions  lillisl  with  elTeelivo  si.le  ]dnte.s 
will  not  slip  stall  anlil  a  siokage  of  alimil  1  ft.  lias  lu’en  (dilaioed, 

2.  .1)  Tractive  reaction  available  from  spudt..  —  Failing  a  snftirient  Iraetive 
.soil  leai'lion  froiii  the  wheel  rim  and  side  walls,  iis-onrs**  niast  he  iimde  to  spiid.s 
projeet ing  frinii  the  rim  of  the  wlu’el.  These  may  he  a  nidial  plate  or  riii  ineliaoil 
plate  type,  Imi  as  the  latter  are  nnidiieelioiial  in  )wrformimee.  the  nidial  I.vik*  is 
usually  jirefeiahle. 

On  slalie  ihi'ory'*)  the  peak  liiielive  soil  reaetion  provided  by  a  single  spud 
per  unit  width  on  purely  eohesive  .soil  is 

W  1 

P,,  “ - •  h  I  2eb  4 - y  h-  t'>) 

a  1  2 

where;  \V  is  the  total  load;  a  is  width  of  sj.u,!;  |  is  the  I'lfis-live  I’lMitiug  length; 
h  ~  elTeilive  spud  height;  y  •  soil  density. 

.N',.  fur  a  ruiigli  >lri|i  feiiliiig  ran  l>e  :issiniieil  lo  vary  frniii  .'i.T  at  ll:e  siiif.see 
III  7,.*i  .at  •ll■l•(p  siiilimr^,  a. 

**)  Itelaiiiiiig  wall  lliisiry  nf  l{aiikiiii'. 


v.V. 


-.'Vs.*. 
*. -  .  e.  - 


Knil  I'lTcrt.-i  wciulil  sli”lilly  iin-n*».'.«-  the  vjiliip  of  I*^ 

Tlio  tliinl  liTiii  the  Qi'iirht  of  the  s«»il  w4-<|ot>  nhovp  the  line  of  shear 

ainl  is  iie;ili;:ilile.  The  first  tertu  ile|K'niliii.ir  ii|nhi  snri-hnnre  jiiossnro  ran  l>e  most 
iiii|M>i-tiiut,  while  the  s»samt|  term  involving  the  s«iil  colifsioii  is  of  increasiii}^  inipor- 
(aneo  towanls  tlio  eial  »if  the  sihuI's  |>;i*uiire  Ihniiijrh  the  soil  when  the  snri'horjje 
is  iiu  longer  aetim^  iihoxe  ilie  shear  siirfare  ainl  tin-  first  term  vanishes. 


I  .  ! 


•V-  '  V.  - 
■  ■.V-  .  S>. 

.  s  ^  s  ■ .  / 


Ki?;.  .■».  —  SiOe  wall  Iriu-iiun  lOnles. 


Tim  lirst  twii  terms  Iiave  a  enminoii  faelnr  h  ainl  thus  the  Inmtive  r»-aetion 
wouli)  aplM'iir  III  lie  :i|i|irti\ii>ialely  |<iii|airliiinai  to  the  lieiL^lit  nl  llie  s]iml. 

The  heiK'lil  of  the  sunhai'^e  jnessiiie  winihl  nut  he  ohlaineil  if  the  sjanls  wore 
iiiOiiiiteil,  as  is  frei[nenl  l_v  ilniie  for  « iiiiwiiieiii  e,  to  the  siile  of  the  w  heel  l  iiii  eariying 
the  a\lo  loail. 

T!ie  varialion  of  traelive  ivaitioii  of  a  railial  s|iinl  with  slil'  rale  is  <lejien<lent 
n|iii|i  the  vaiiatioii  of  soil  shear  slven_i;(h  with  rale  of  sinar  ami  iinmot  tliercforc 
he  ralonlaleil  on  slatie  theory. 
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:i.  Experimental  results 

3.1)  lt/»1fitig  reaistsnce  (fijr.  B).  —  i<'>istnnro  itii-nsumiiMils  mnilc  with 

the  three  test  whe-Hi  were  foiiiiil  to  fjive  n  j^oml  rori'elHtion  with  the  .simple  pl.isfic 
theory  nii«l  it  n'oultl  njipoar  ttiiiieresMiiy  to  jro  to  nnv  fireiiler  soj)tii.sticiif Ion  in  or<ler 
to  rnlfiilnte  rollinjj  re::istntiee  of  wiile  wher'Is  hI  the  .slmllow  .siiikiifjc  (0-2  ins.  for 
the  21  in.  wheel)  nml  liiiiileil  .simmmI  riiii^e  (1  - 10  in.p.lu)  of  the  Ust*. 

The  pheiioiiirnnn  of  nofintive  slip  ohserri’rl  for  the  toweil  wlicel  inri'cnises  rttpitlly 
with  sinkn;^  “I  -  2.')  (T  nt  .'1";  .'i4 “Tc  nt  were 

obseiwc«I  for  the  IS  in.  wh»“<‘l);  this  must  be  due  to  ii])Wiinl  .soil  How  l■olll]s)llent.s 


pijj.  —  Itiillinjj  re.sistuiire  eorrr'nliun  riirM’  for  I’l  in.s.  widii  wlivcl. 


ill  front  of  the  whi'el  and  fjivts  ri.se  to  luldeil  rolliiii;  lesistiiiire  not  esl iiiiiilid  for 
in  the  tlienr.v.  As  a  eonMspieiiee  the  iheory  lends  to  uinhresliiiiiiti;  nl  llic  d’ejuT 
sinkuKT’s. 

•1,2)  Drawbar  pull  versus  slip  (fif.*-  i")-  —  Tlie  exnnijile  jiiren  is  the  12  in. 
wiile  wheel  loaded  ts>  ti.tHK)  lii.s,  on  sod  ol  coln’.sion  ti.4  His,  ]n‘r  Sfpmre  iiirh,  tliis 
icivin;r  a  dvniuiiie  .sinkieTe  of  li  ins.  i.e.  wi’ll  Iivxnnd  tlio  iln'oretienl  slij*  stall  eoiiiliiion 
III  about  2  ins.  It  will  be  .seen  tluil  the  iliiiwlinr  pull  iiH'ii’.:s,.s  rnpidl.v  wuh  sliji 
eoveriiijr  the  niiijjes  — 1  lUO  llis.  at  zero  slip  to  t  .h)0  Ills,  at  .Ht  ^  slip.  ,\  single  six 
inch  radial  sjuid  inoiiiileil  on  tin-  wIutI  rim  providr.s  i  odO  llis.  (peak)  at  /.ero  slip 
anil  "b  3,rint)  Ihs  (jieak)  nt  111  .slip.  It  i.s  interr.sliii^  to  i.otc  tin*  ilravvhar  |.all 
eiir»r  shews  n  jwisilive  rale  of  ierrease  with  slip  and  no  si^^as  of  ronadiiig  olT  uj> 
to  the  30%  slip  value. 

The  ilrnwlmr  pull  provided  by  the  .spud  when  the  .soil  .-iii  lin'e  is  (looilrd  leiimiiis 
unehati;:ed;  that  due  to  ihe  rim  is  consider. -ddy  reihired. 

An  niitoiiiiitir  device  for  .siiika;;e  luea.sureiiioiit  .sliows  a  recoveiy  heave  umler 
these  eoinlitioii.s  of  workin.ir  of  some  27%  (from  t)  ins,  to  4.4  iiis.)  daiiii;:  passage 
of  the  wheel,  the  total  instantaneous  .■.iiikape  iiionsured  from  the  rai.seil  lips  of  the 
rut  bein"  7.5  ins.  This  plnslie  recovery  iuerenses  Ihe  are  of  eoiitiict  of  the  wheel  rim 


wilh  She  soul  iit  lnv:h  slii*  values  fan  iismsI  eoiisiilouilily  to  tlie  total  tractive  soil 
rear'.ion  (See  J,4  Im-Iow). 

:t,  .1)  Radial  pressure  me.uurenient  (liv's.  S  an;)  0).  —  Tlie  two  jrtven 

avaiii  lor  the  I  J  in.  wiile  wliefl.  lijr.  M  lieini;  *'or  tin*  diivaii  wln-cl  at  '!0  %  slil> 
and  .1.4  ins.  slalir  sinkatre  (li.7  iii».  lolnl  iiit  Ifjitli),  wliile  fijr.  !)  is  Tor  tlie  towed 
vi'heel  at  — -T  slip  and  4.S  in>.  stalif  .>inkaj,'f  (7..'>  ins.  total  nit  di'jitli). 


Ki.;,  7.  —  .\\ irnflioa  of  IJ  in.  niilf  wlico!  versus  slip. 


Tlie  e\aiMi'lis  Imlli  show  nn  a|i|n(i.\iiiiatf  ly  iiniroiin  ladial  picssnie  ili,s|  i  ihntion 
I’roin  (lie  (ii'.'l  |iiiiiil  of  fill  I  V  III  tile  iimmsiii  iiiij  ]>atl  into  llie  soil  until  it  is  vei  lirnlly 
IxMifalh  the  a.\le  (IIm'  lowid  wlm  l  ai  l'ially  slions  a  Id  r'  iin  Tease  in  inesMne  ii\er 
tlii  s  laiioe).  Tlie  i»‘essiiie  ilrops  lapiilly  liiyoinl  the  Mnlival  leachin^r  /eid  at  about 
Id*  he.voiiil,  this  iOTre'|iiinitiii;4  to  an  null  soil  heave  leeoveT.v  in  the  Mit,  I’lessnrc 
ilistrihiil ion  iiemss  the  wiillli  of  the  rin;  (iiol  .showiii  is  .sensihly  uni I’onii. 

The  assiiia|i1  ion  of  unifiiTin  radial  pres'iin-  nunle  in  the  .simple  I'lnstie  theory  is 
tliU;i  .sci'ii  to  he  I easmialilv  eoirrel  even  lor  deep  siiikaoes. 

3.4)  Tangential  stress  mcasnrrnicnt  (lios.  li'-M),  —  The  .sensitive  pad  for  Ihi.s 
iiieasnifineiit  is  installed  on  the  l.S  in.  wide  wheel.  Th.e  siynatnies  ohtained  at  .a 
jrronnd  sjiced  of  ‘-'..'i  I'l.  jier  seeond,  a  total  ml  dejith  of  1)  ins.  ami  a  total  rim-.soil 
foninct  are  of  4.')-.')il'’  ll.V  of  whieh  is  after  the  'ertieal)  vary  lOiisidoriihly  with 
sliji,  as  eali  he  .seen  in  the  vNaiiiples  (riven,  ’fhese  eover  a  range  of  h  '2-'i  to  — 15fc. 


0 
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_ _  infccnoft  or  73M*»1. 


Fit;.  —  Kailiiil  |‘rt*''Uf**  utrH'iirrmfit!  •Irivfii  svbt'vl  nt  3*^  ^li|t* 
(IJ  ill.  wi.lo  i\lu.|'l'. 


titicroU  er  74i^rii 


Fi(J.  0.  —  iCiiiliiii  [iro.'suii  Hu'i'.Miri  iiH'iil  timnl  wlu'i'l  nt  —  27  Ct  ulip. 
(12  in.  « i.lo  '|^lu‘l■l). 


i<M-n'<ir('iii>'iil  1"'>  >li)>.  (I'-"  «i'lc  wIutI) 


H’ 

SLI0  . 


Turiv;i'iiliMl  -■•iurjj  iii”«-<ir»'iroiit  0  sliji.  (IS"  i\  iilo  ^vllt■(•l) 


At  ail  slip  nili-s  I  hi*  slivss  risrs  nipiilly  on  entry  of  tlie  piui  into  tlic  soil. 
For  the  higher  slip  rales  (‘St  innl  20%)  the  stress  ilrops  ^rii(i\uilly  iil'tiT  entry  niid 
ti-ses  a^in  just  In'ton*  exit  where  it  ilrops  r;r|iiilly  to  zero.  .\l  10  %  slip  no  rcrovery 
ocenrs  befure  exit;  at  /.ero  slip  ain!  for  the  iie^alive  slip  of  the  nnhrakeit  towed 
wheel  ( — 1A%  foi  the  conditions  of  the  experiiinnl)  the  stress  iKTOines  ne"niivc 
before  exit.  Kor  the  towed  wheel  Ih  iiVer;i:re  iiosilive  :mil  negative  stresses  must 
be  ispial  to  prtMinre  the  zero  tonpie  eondition:  llie  inleeniteil  horizontal  com|>oiieiits 
eau  b«»  ae^live  and  add  to  the  rollin;'  resistance. 


The  iiiavioinia  >1  ros  nviT  the  raaye  0  to  'Jo  ^7  slip  appears  In  he  linear  with 
slip  mill  lor  the  tol.-^  made  had  a  value  of  0.4  c  at  ■_’*>%  and  0.2  e  at  z.eio  slip. 

The  a.v^iinipl ion  of  unilmin  lao;;ciil iai  stress  iiii-iea^iin;  with  sli]i  made  in  the 
simple  plastic  llaniy  for  the  driven  wheel  lor  the  csliiiialion  of  Iraelive  soil  reaelion 
is  thus  not  on. ally  in  error  at  the  hi,t:hi-r  .slip  values,  and  under  slip  stall  conditions 
(llM)r;.  sliji)  riinld  easily  have  a  value  ei)nal  to  or  in  exeess  of  Ihi*  value  of  soil 
cohesion.  The  theory  doe.s  however  iiiidei esi  iinate  the  aie  of  eoiilael  at  dei'p  siiikaire 
eoiiilil ions  due  to  |iia~lic  reeirvery  of  the  rut  and  lienee  uiiderest iiiiiiles  the  total 
tnietive  soil  renelion. 

Vor  the  driven  wheel  the  iiili';^rnled  linri/.iiiilal  eoiiipnneiit  of  this  slres.s  vepresentb 
a  measure  of  tlie  aetual  Iraelive  .-oil  leaclioii  nl  the  rim  under  woiUiie.:  eoinlitioiis 
indejiendent  of  nillinir  lesislaa- c. 

3.  a)  Side  wall  traction  pi.ales  (.^  —  Two  I  Jn"  ]date  .-retioii.s  with  1  in. 

deep  elose-sjMied  radial  rihs  were  inoiinled  on  the  IS  in.  w  idle  wheel.  When  niienil  inj; 
at  5  iiKS.  sinkiii^e  (3.7  tons  loinliao)  ami  20  sli)i,  those  jdiUes  inereiise  the  diawhnr 


—  124  — 


|>iill  liy  nlioiil  500  Ihs.  ( pTunlcil  T'.O  lli.-..  rim  only;  IIis.  with  ^i‘lp  |>Iat<>;4). 

Till.-*  jn'i't  i!'  jut'M'itl  wUru  IW  .s4nl  siirlwp  is  tl<MMU‘il  f —  Vlilt  ll»s.  rim 
<iiily;  — 200  Ibn,  willi  siilo  |ilnli’s). 

H  is  i-lcill'  Ilicirl'Kiv  lliiit  l!ir  nsc  dl  siili-  (tliilrs  on  ri"iil  ryliiiiiriral  wlirfls 

tirliiys  wliofl  I'liilnrcs  on  rliiy  soil. 

It  is  intoiostinir  to  nolo  tinil  (Inl  iniiibln'il  >i<lo  iiliilos  » lion  litloil  |•^o•tll•-)s|  no 
inoiisnrnlilo  inniil  tpn  iivo  soil  loarlion.  This  nn.s  ronnit  to  ho  Ihs-oiis*-  .soil 

oonlnot  ^Mls  nut  iiiinlo  with  llio  lint  si>.o  |il;ilos;  oonionl  siilo  j)hito.s  iiii'.’Iit  well 
]iro<liii'o  III)  oITih'I. 

5  0)  Instrumented  spud.  —  Tlio  |nMk  vnlno  of  iT'isInnoe  rooonlisl  by  ibo 
instriiini'iitoil  s|>iiil  nioiniloil  on  tbo  ]>i  in.  wiib-  ulioel  i.s  of  llie  saiiie  order  as  that 
raloiibitril  by  roi  niiilii  5  In  |>iiiii;:i  ii]ili  2.  .'I. 

K.;;.  Kot  the  eoinlil ions  of  7,0IMI  |bs.  loinl,  o  (i.4  lbs.  per  s<|n:ire  inidi, 
slip  --  20  f; .  sliikap'  -  4  ins. 

the  iMensoii’d  p  nmv.  .'l.Ooil  |)i>  (ni  20')  slip) 

tin*  riilrnlntfd  p  in:i\.  lbs.  (at  /i-io  slip), 

h'or  this  I'stiniate  1  "as  assiinii  il  eipial  to  r  (sin  o  -f  sin  or,)  wjiere  n  is  llip 
aM|;li‘  of  siiika);r  (51  ".'10')  iiiol  o,  is  the  ain;li'  of  soil  rini  rontail  In  the  rear  of 
(be  axle  (15"). 

The  l■l■nlle  of  pressure  on  (lie  spinl  at  the  position  of  niaxininni  imis  foin.d  to  lie 
near  llie  I'enlri'  of  the  spud  iiidienl inj:  a  iinilorni  jiressiiie  over  (be  spud  siirl'aee. 


4.  The  development  of  a  rigid  rim  wheel  to  carry  3-5  ton  load  and  capable 
of  good  on  and  off  road  performance 

T’lie  outside  il iiili'lisiulis  of  suell  a  wlleel  will  lie  .5  ft  iliaiileter  (Uni  I  1  .j  ft. 
wiiltli.  Suell  (I  wlieid  is  lieiiifr  ilesioiieil  willi  a  resilieiitly  iiioiiuinl  rim  usiii|.r 
)iiii‘(illel  layer  riiliber  sitsjieiisiou  pads  spared  at  DO"  nr  00'  intervals  aruiiiitl 
tile  axle,  till'  decree  of  linear  risilieiiee  lieinu  liioited  to  li  illidles.  The  rilii  will 
he  i<riivided  with  radially  lihlied  side  jdales  dela\iiit'  slii>  stall  failure  and 
I'oi'ininp  a  rieid  hnx  sliiielure. 

The  di’si),’ii  providi's  adeiinale  space  for  4  or  (>  anioniatie  sjnid.s  "wliieli  ''jui 
he  self  injeelinc  and  let raei iiio  when  o|ieraled  from  a  cani  monntoil  on  the 
now  l  eernl  l  ie  iixle,  hilt  can  he  ri  lMiinst  within  liie  rim  when  ihe  earn  is  not 
in  operation. 

If  the  injeetioii  proeess  is  liiniled  to  20"  liefore  and  iil'trr  the  ^ertieal 
thron}!)i  tile  whetd  eeiilre  .some  adMnilan:e.s  in  soft  pionnd  rnnnin>:  of  the 
.sy.slem  o\er  a  lipiii  wheel  with  lixid  spuds  are  apparent. 

1)  Till'  iiii'iin  M'i'lieal  eomponriit  (d  loripie  resisliniep  is  reilnevd  while 
tile  ifseful  liorizoni al  eompoiienl  is  maintained. 

2)  'I'lie  I'Neination  made  h.v  the  spud  is  ;;riatly  redtieed, 

3)  The  rim  will  he  self  eleaitinfj  due  to  tlie  .soil  slieur  surface  reverting 
to  the  rim  on  witlulrawal  of  the  .spud. 
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-f)  TTio  \vii?('  x|i;uiiiK  of  tin-  spuds  in  l■lllljlllu■tiun  with  the  torsionul 
iTsilii-iici*  of  tlu'  wlii-r!  will  protliu-t*  n  variiihlr  slip  velo<'ity  ofTfct  pruduoinK  a 
liifrliiT  nvcraf'c  lovri  ^lil  n■al■tiltll  tliaii  wixild  lx*  ohtaiinsl  liy  a  csiiisinut  velocity 
rim  (adilitioiml  tiusiiiiml  i^-silicni-t*  in  the  wheel  driv*-  may  Im*  ne<'<'.ssary  to 
pi'odiiec  this  elVeet  to  protect  the  drive  from  iiiipiilsivr  huidint!). 

For  liaril  j'l-onml  riiii*tiii|;  a  i-Mvity  eiishiuii  lyn*  will  lx*  niiMinteil  in  S4‘};nieiit!« 
aroiiiul  the  rim  ami  will  serve  to  inereas«*  the  ana  «if  euiitac-t  with  the  road 
and  t<»  atleimale  hi(ifi  fre<|iieney  vihnition. 

It  is  envisaged  llial  the  linal  whi-el  will  ha\'e  jidispiat<‘  traetion  tliie  to  rini 
and  side  wall  elVeeN  lo  eiialile  it  to  traverse  all  hilt  the  most  dilTn-iilt  ground, 
rpiin  or  helnre  slip  stall,  the  aiitomillie  spuds  will  lx*  hroiioht  into  operation 
so  that  the  veliiele  e/iM  pi'oi  ei  ij  to  lirtiier  lironinl,  when  the  spuds  an*  retraetesl 
and  the  vehiele  |tro(iids  without  their  ns4‘.  A  s.-ifety  diwiee  will  lx*  necessary 
to  (.'Hard  .leaiiist  the  event  of  spmls  In'inn  left  extended  on  reaehine  a  haisl 
surface. 

«  • 

Conclusion 

-■».  Ij  The  sim|.h-  plastic  theory  as  );ivi  n  is  adeijiiale  for  tin*  calculatioti 
of  Killing'  resisciiice  of  whe.  ls  of  the  dimiiismiis  irs4d  in  the  exiM-riment  vvhon 
siiiha;;e  is  limited  to  alsnit  2  ins.  .\t  di'  'per  si.ikaj;es  iiiereas»*d  iipwanl  ilow 
eompoiieiils  eansi'  ioefe  ised  frontal  resist  iiiee  :im|  hij;!!  nepative  slip  values; 
the  lalltr  risnlt  m  inuative  tani:enii:il  fi  ree  lonijmiuiits  which  can  furflifr 
add  to  the  roiliiit;  I'esistniiee.  Ivi'rors  at  dieji  sinkap’  are  also  i>res4*iil  due  lo 
the  approxiaiate  imliire  of  the  theory. 

0.2)  .\l  hit:h  positive  slip  values  i,ie  assumption  of  a  nnifonn  tiint'cntial 
stress  inercasinp  with  slip  is  ajiproxiinat  ly  eoneet.  'rin*  theory  of  frnctivc  .soil 
reaetioii  linden  si iiioiles  nnh-ss  allow.-nn >•  is  maile  for  tlie  additional  arc  of 
eoiltaet  dlle  to  soil  leeoleiy  in  the  lilt. 

.'v  2)  The  net  result  on  the  •sliiiiale  of  I’lilieal  slip  st.nll  sinkaoe  on  a 
tinil'orin  medium  is  in  some  measure  eoni|tens.iled  for  h\-  the  errors  in  the 
estimate  of  rolling;  nsislaiiee  and  iraeliie  soil  reaetioii. 

4)  1'lie  separate  measurement  of  railial  ami  laneeiitial  rim  slii's.se.s 
I'liahles  the  rolling;  resisiaiiee  and  traetive  soil  n-aelion  lo  lx*  .separated  under 
workiiie  eondiliotis, 

o.  .'))  Kiileed  side  pl.iles  have  hreii  shown  to  delay  slip  stall  failniv. 

(I)  Indii  idiial  r;idi.i|  spuds  ei\,.  im-reasino  Ixnielit  with  slip  up  to 
(and  apimreiitly  he;()ml'  the  limit  of  the  experiments  (20 'r  slip). 

T)  It  is  ihoiichl  th.il  the  deserilied  ihsifin  of  wlieel  with  4-G  .self 
i!i,jeetiii;r  sjiiuls  tilled  lo  a  ft.  di.imeler  nsilienlly  nniunted  rlijid  rim  will 
eariy  axle  loads  of  at  least  2  1<ins  o\er  .soil  of  Ihs.  j>er  sipi.-iiv  iiieh  shear 
.strength  ami  yet  (,'ive  u<iod  performai<ee  on  h.T'd  siirfaei's. 
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D  !  S  C  V  S  S  /  {)  .V  S 

B.  MAYFIELD.  F.  SHERRATT.  —  Tim  A  nllior.4  nrp  «'0)ni,i).'  in  IIh*  Civil 
Kii;:iii<-iTin;r  r>i'|>iirliiiciit  til"  lli«*  I'nivi'rsity  ol'  \ottiii<;liiiiii,  Kii^liilnl, 

.\i*  It  iircliniiiiiiM'  to  IIm*  niiiin  imi  tho  |>rolilciiis  uf  ts  lifi-li')]  vcliicirs 

on  .'Ol't  i;nniiiil  iliV('.sti;;ntioii.  a  |>i-ot;raiiiiiH‘  of  hn>ir  rcsi-iirrh  i.'*  I«'iii.i  IoIIowmI 
into  fin*  ninl  «itn|>li'.'*  iirtiii;;  ini  a  rifiiil  ft  liiiilni-:il  wl’i**"!  iiiiit  int^  in  viiiioiiH 

|uitUrv  at  varitai-*  .•<rnkfi;:r  in  an  arlifii-inl  rliiy.  Tlir  w]u-«*1  iixic  i-mii  also  Ik- 


I.  (ti-iii-riil  vir»  «f 


set  al  taiiii-  nii'^Ic*  tii  llir  |i:illi  iinliiis.  Tin-  l«>wi-il  vtlii-i-l  at  jutsciiI  iimli'l'  iiivi->fi!,'iiliim 

is  U"  ilia.  X  ‘J - "  \t  iili*.  In'iiij;  n  WMlfl  of  tlio  .V  iliiiiii  X  Is"  wiilf  wlna  ls 

10 

iiscil  liy  .Mr.  I 'iVcIiiiaiiM.  It  i.s  intrinli-il  f«  vnrv’  Ilir  w  hri-I  .sizo  in  onIiT  lo  rln'rk 
l!<i-  analy.sis,  iiinl  tu  invr.sl ioalr  w  IhtI'.  diivt-ii  liy  livili'illilir  iiinlors. 

(Slide  1)  Tlie  iiinutrnliis  lias  ii  12'  loie^  lioi  i/oiital  mtiilin;;  anil  In  tvliirli  fin* 
vvlirtd  ran  lie  altarliril  in  nnv  of  tlnee  |•0'itiolls.  rorrr.'jmndin^  ft»  llie  Mirre  .<oil 
troiij;li.s  Ilf  diirt'rin^  radii.  (Slide  2)  If  is  driven  Iiy  an  eleririe  iimlnr  at  it'  outer 
ext rriiiily,  arlinjf  l)ii'(iu>;1i  a  imlley  .sy.sleiii  and  r  iiia^iieTie  rlutrh  to  a  drit  ia;:  ulirid 
on  file  ii|i|i  T  tiark.  Tlie  driviim  uliei-l  is  kejif  in  eoiilarl  with  its  Imrk  liy  I'vo  >|iriiijx.s 
netiii.i;  0(1  I  lie  lotver  idlintr  vilieel*, 

(Slide  .’1)  Till’  li’sl  « Iieel  i.s  ri"iilly  aftaelieit  («  llie  ana  al  ii  iire-si’l  siiika'^e  'vitli 
its  axle  licid  ill  t«‘o  load  el•^.s  (sMile  1)  de.siyned  on  llie  liiir.s  >iiy.;e-‘li'd  liy  I'lose 
and  Miizzey'y  The  loml  cells  mensine  the  verlieal,  hori/.ontal  ainl  axial  forres 

*)  \V.  rliise  niid  Js.  Mnzzey.  «  .\  tfevire  for  niejisariiii;  n((’clinnii*sl  (■liiirnrlrii**t  irs 
of  liro.s  ’III  llie  road  *.  I.  Merfi.  K.  f'roe.  .if  Ilir  .Viiloinoi i\ .<  I>i’  i*iiiii  I'.'.Vi  IP.'ir. 


Korwuf*!  <xf  sitlo  livuvc 


ii;o\ iMiu'iil  tif  Ir^irk  nml  l:i1or.'iT  ti‘nsM:n, 


by  niontis  of  clprtripal  rpsislaiipe  strain  {iinigul  bcnnis.  The  foree^  are  recorded  by 
111001)4  of  a  12-ehiiiiiiel  reeonler. 

(Slide  *>)  Allboie^b  tt.»rfcinjc  "ilh  clay  entails  track  reforming-  dinficuKy,  it 
siiii|ililies  «ibsoiv:>l ions  on  the  rilf.  t'otisidcrable  side  heaves  liavo  bi-oii  oh.sci\ed 
under  eertiiiii  coiiditioii,  (slide  li)  with  Ini^e  fonr»inl  inoveineiils  within 

the  €  heave  ». 

(Sliib*  7)  KaiTiul  lines  drawn  before  a  li'st  ran  show  fin v) aril  iiio*eme!it  of  soil 
within  this  rut.  inereusinj;  towards  the  outside  of  the  |intb,  lri;;elber  with  rutisideriible 
lateral  tension. 

J.  PHILLIPS.  —  <ieiitleiiieii.  .\!r.  I'lT.  Iiiiami,  showed  n  ihiiiiImt  of  .-.lidcs  (tivinp 
the  disiriliulion  of  the  ratlial  aiul  lan^eiil ini  .stress  on  wlial  iiiaiiy  ot  Us  eall  the 
rimtart  jinleli.  It  ms-iiis  to  me  Ibat  tliivc  in  j>arlieid:ir,  dealt  with  jie'cenl n;;es  ol 
sliji  ill  the  iifisrliliourhooil  of  /ero.  if  I  reiiieiidM-r.  s!i|»  t),  sliji  sli,,  10  or 

Slime  sttili  lijriires.  Now.  you  will  notice  that  encli  of  these  din^'raiiis.  ililTered  coiisj- 
deralily  from  one  niiolber,  and  I  had  the  iiiij»rt*ssioii  any  way  lliat  .Mr.  I  iTelinnnii 
was  askiiiii  us  to  draw  itii|H>rIaul  eoiielusions.  nliolit  the  distrilnilinii  ol  the  tnii);entinl 
stresses  and  the  normal  str«-ss«s  in  the  nei):hl>ourho«d  of  r.ero  sli|i.  I  llii'  k  Mr.  I  iTel- 
iiiaiiii  u  ilt  n;:rt‘o  wiili  me  flint  in  liii.s  work  in  J*»r1irnliir,  \vlii*rc'  iho  lunoiiiit  ol' 
.sinknut*  <»l*  iIh*  whfil  i.s  toii.'.iilrrab!**,  tiuit  it  is  im>.Nl  imjKninnt  to 

V4*rv  ciuflully  \%hat  oik*  •imuis  by  .slip.  In  a  way  lliis  rniil rihiilioii,  or  ihisi 
ipM'slion  ol  iniiu*,  ol  Mr.  I  llfliaaini,  is  limv'vhailowiii*;  soiiii*  n*iirirk>,  \\hii*h  1  think 
1  will  1)0  iiinkini;  tn  ooMii4**Mioii  with  itiv  it  1  roiii**inh*T  on  \\  iMliiostlnyt 
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Sul  trasportatore  tutta  ruota 
All  wheel  carrier 


ABSTRACT.  --  A  Ittg  i  tyrft,  flaring  the  inside  pneumat-c  filled  uiith  a  ll<jn>d  to 
transport,  is.  hp  itself,  an  aff-the-road  vehicle. 

Generally  it  should  he  draiem  in  one  or  more  pieces,  hut  could  also  he  a  self-moving. 
The  Author,  explaining  the  prineis>al  characteristics,  points  cut  some  solutions 
how  to  employ  it 


Dili  imiito  vista  <l<!la  liwoino/.ioiit*,  i  I'viitcipali 

«lt‘i  fnisi>itrhil<iri  hittii  ruolo  ]t<>s.s«>i)u  via.ssuiiMTsi  tu-i  tiv  si-niiciiti :  niiniine 
|in‘s.si«tni  s|M  vificlio  I riisiii«‘sst<  al  .s«u!u,  facilita  «li  <1>  roima/ioiti  KkiiH  s'  ijuimli 
tli  « lifiv  »  ;»Ii  «tstaftiH  «U*J  jinimli'  iiii'iv.ia  al  iitato.  La  pfimit 

paitivolai'itji  ivinU-  il  imv./o  alia  iiiaivia  .su  Ifiicni  fatinosi,  siilla  iu>vo, 

siilla  i'<‘Ial4i  (Ivi  lat;l«i;  la  s«von«’a  il  inovintoiito  hiofi  .stfiula 

su  zone  piotnist',  o  a  f«irti*  rn;^*sila,  su  t»*rrviio  <H  I'liiuptiKiia.  I’oii  aspci  ita  vege- 
tali,  o  voii  biU'lio,  tuv. 

In  litiva  (li  iuas.siiiia  si  j»tu»  iK'ii.-aiiv  ili  s«vniUiv  sino  a  0,2  0,'l  k;r/ini’ 

I'oiiio  pivs,si(in(‘  iiuslia  siH-aifira,  rifvrita  a  tulla  I  m/Yo  ili  imjironUi.  Si  tiatla  di 
valoi  i  laliiu'iito  piccoU  tia  iwnm'llctv  il  moto  siii  foil  li  t«  rivstri.  clio  pivsontiiio 
!o  pin  liasso  riijnu  ilii  lurrtiinli, 

liO  iliiiicnsioiu  iiii-..s.siiii»“  tldh*  doforina/ioni  siil  corj'u  del  tiiis|Hiilatove 
SOHO  Ufiatr  alia  pta*ssioin-  iuloriia,  alia  llossihilita  dol  lioopiiinento  cstonio, 
ill  ])oso  lotnlc. 

In  fioMoro,  ponso  via*  la  jiraiidozza  •li'irostai'olo  sul  lonvno  loiniili'tiiiiu  i'. 
iiiiiiiiorti/./al>iK‘,  sia  «la  {xifsi  in  rolazMim*  ilirotta  o  voii  la  largliozza  e  con 
il  iliiiMiotm  dol  coiitcniloiv  nitulaufe. 

Nd  ca.sii  tli  forma  «a  ruota  »,  i*  da  riUMua.si  die  Ic  dinu-nsiniii  doU  nsporita, 
p  rfdtiimciitc  su|KTid)ili*,  sinnu  «U  jx¥^»  iiiOoiori  id  dianu  tro  iloil'iiiidlo,  sc 
!ii  pcessioiic  intci  iiii  non  sniM-ra  la  tnc;'z;i  atniosfora  c  sc  il  ra^^io  totido  cstcino 
ddia  vuota  c  alniciio  dojipio  dd  diiiniclro  ddl'iiiidlo. 

(^ucsto  sistoiua  «li  ti asporlatori  per  Inpiidi.  coslitiiito  da  copciloni  f;iitimti, 
ud  ciii  inlcrno,  al  jHisto  ddla  cament  d’itria  a  picssionc,  si  trova  un  scrhiitoio 
in  n^aiiaa,  c  nato  in  -vguito  at  |H'rf«v.ioiiiu-si  dci  j>n«-cdinu'uti  liviinlogici 
JUT  lii  cosiru/.iouo  dci  pncnnuitirL 

•)  Pirollorc  itoll  T>tiliili>  •lei  TmsixiMi,  Kaenli;i  <li  liim'ijm'ria,  I’nivei.Mlfi  ili  I’Htermo. 
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II  carii’.-iiiioiiti)  {p  la  .'<vui)laini‘iil<il  avviciu'  alti'avpi’so  tuhazioiip,  clip  j^iassa 
in  «irrLsi>oiii|pii/a  tlpll'asjsp  <Ii  ruta;;i<>iu*  di  lln  «  riiola  ».  K'  la  jUTssione  del 
liqiiklo  <la  lras]>oi1aiv  a  iiiaiitpiuiv  •;<Hiriu  il  ('losso  pm-uinaticu. 

ih»ii  suIio  |ii>‘viKtp  i>ai-tif(ilari  a};Ki’'‘'«-'>ivita  cliiiiiiflip  <la  jiiirtp  di-i  jn’inlotti 
iiiiiiiagaz^dnati,  e  la  sti'sso  ritjHrhiUc  a  faiv  ila  si-rhatoio.  II  traspoilo  iivvipiic 
per  seiiiplk-e  nilulanipiitu  <]plla  «  niuta  >  i-  iioii  vi  p  ijiiindi  hisogno  di  eurt'o 
o  ill  i-hiis.iix.  lai  €  nidla  »  fa  piov  da  n-i  ipipnlp  p,  iicilo  sfpsso  tpinpo,  da  veieolo. 
Nntiiraliiiriitp  o<-pai  ir  piKwodi-iv  ad  iiii  iiipz/o  <li  li-aziaiip  pile  ixtlivlila'  pssero^ 
a<l  ('S4‘iii]iia,  III!  iraltui-p  piiigolato,  u  iiii  vpiculii  aiitunxiliilistic-u  di  oi)i>ui'tiina 
|tutriixa. 

K'  uiipora  tla  pviisaip  alia  pussiliilila  ilrl  coiiti’iiiloia-  iDtidaiitp  autaniotore. 

Sp  i  ti'asjMiPlatori  Suiio  traiiiali.  (‘^psi  vptigi)iii>  iij>p(ii'l iiiiaiiipiitp  acpappiati, 
si  da  pijslituivp  iiii  «(tvM<)»  di  dm-  o  piii  jip/./.i. 

II  trasportatoiv  putulaiitp,  a  parte  psigeii/e  ili  tiaziaiie,  non  lia  tpiiiidi 
Itbiugitu,  jH-r  it  mala,  di  iina  vera  p  prapria  via  a  inanlo  apj)ai’i(pliiato.  Esso 
pc'rlaiitu,  non  solo  e  aduperaliile  sit  stnide  in  ])essin)a  statu  di  nianutonziune 
od  in  condizioni  inetporolagielie  avversp,  nia  su  terri-ni  agricoli  aceidentati, 
sii  eallivc  pisti-  stdiliiosi-,  in  /.am-  arlielie. 

(ill  iiiipieglii  liii'uggi  adullali  ri<,'iiai-i1ana  ti'iisjiorti  inilitari. 

A  poiii)iletanien|o  di  (piaiitu  detto  devp  aggiiingersi  elii’,  non  avendosi  a 
Ipinere  fenanieiii  di  ustira  nel  Imllist nuln,  cosi  iiepenluali  comi-  lui  pn;  nnatici 
d«*gli  antoveipuli.  il  mjiteriale  ran  eiii  i-  fahhricatu  il  pno  ijn'seniarc 

iin«  inaggiui'e  flessiliilila  ed  ini  ininur  peso  per  nnita  di  siiperfitii*. 

Teimto  poiilo  di  ipteslo  rtiltuiv  e  della  iiiaiicanza  di  un  veto  c  inoprio 
veirolo  (|H‘r  etti  lit  liirtt  lisidla  paroppliie  volte  inl'ei  iaii*  id  earieo  trasportatu), 
si  nsserva  eho  la  resi.slen/.a  alia  traziune  del  trasportalore  rololaiite,  rilVrita 
al  l>esa  del  liipiido,  p  infeiioip  a  ipiella  elie  si  riseoiitia  iiello  noriiiali  anlolKitti, 
ill  niareiii  sii  strado  unlinarie. 


•  •  • 

II  inigliar  iiiijiiegu  del  t raspartatore  ralulimtc  pad  nttunrsi  con  il  suo 
isiniplelu  rieinpimento.  II  nioto  p  altrinieiili  jiossihile  solo  a  veloeita  ndniine 
p  Ml  tratte  idaneggiaiiti. 

(jniiiulo  il  lras])urtatare  e  pieiio  e  la  sna  veloeita  di  rotazionc  e  siiffieiente, 
non  si  ha  seoriinu-ntu  relativu  tra  jiareti  e  liipdilo.  La  inassa  llnida  rofoln 
anrli'ps-sa,  iiipreinenlando  I'iiierzia  giratoi  ia  del.  eotiiplesso.  E'  (|uindi  pussihile 
il  snjM'i'aiiiPiito  di  ostaeoli  di  nii  halx.o,  wnza  sensihili  variazioni  di  veloeitii 
p  senza  strappi  suirorgano  traiininti*. 

I’iu  |ll•^•pi^an^ellle,  potreniino  dire  ehe  il  pz.vo  fi'iiiiiziii  del  tras])ortatoie, 
durante  la  fuse  iniziale  del  molo,  eresee  sino  a  staliilizzarsi.  in  eoi  ris|iondenza 
di  nna  data  veloeitii.  ;id  tin  valore  in.i.ssimo  postiiiite.  Lit  'eloi'itii  di  rotazionc 
alia  ipialc  il  jiesu  d'inerziii  rapgiiinge  il  siio  nias.sinio  e  tanto  ))in  I>;issa  (|i!;mtu 
miiiorc  c  il  rapporto  tra  liiiplie/za  deH  anpllo  e  dianietro  esteiiio  delhi  niot;i. 
I'n  grande  diiiiiiptro,  d’altra  |>iirte,  pitetn  eon  si-  nn  miuor  mmieeo  di  giri  a 
I>iiri  veloeita  di  aviiiiziiinento.  p  agisee  ipiim’li  sriivoiexolnunte,  in  t;d  senso. 


L'nlolliitur.n  inloiiifi,  i»  tmyli*!  aiu-ori..  la  st-oinitaitiiiH'nfiizionc.  fa  sT  che  tuttn 
la  niassji  ilfl  rttjtitil»»  Ira^ixtrlalff  r«i»i  slrK'ninicatncntc  jilI’mvohtiTO  ostomo. 

lai  sctmi|iiirl iincii'Ji/.ioiK-  in  ]>}niU'oliiiv,  il  ti'nsporto  di  sustnn/^ 

solid**  j)idv*iiil*-ntt*  (•  tf iiiiinlari.  Naltiraliii<-ntt*  *K'*M)nv  pi**vi*d**rc,  in  tnl  cnso, 
nil  sistonia  divfiNO  di  l■ar^4-:lml•nt«».  p**i-  vscnipio.  niiiiu'iido  il  traspnrtiitoiv 
r*»lnlanlp  di  lawpli*'  liit**i‘ali.  a  t-liiiisiira  *-i-in**tirn. 

Ii'usii  pri'valcnli*  *lii  Iraspnili.itni  pn*  i  pioilntti  iKtiDlifi-ri  c  jx'r  i 
ril'orninK'iit i  d'jiPipiii.  Snln  in  tali  appIi<-a/ioni  sdiio  stall  fitinni  iitili7JCi*tL 

(jpcstd  nM*/.z*i  <li  I  l'iis|»iirl*i  trnva  il  siii»  tinrinalt*  set  tori*  d'iiii]di'};o  "pirap- 
pr*ivvi<ri<>iiaini*nli)  'li  i-'Iaii.  <li  liM.ilita  sit*-  in  /.nm*  fnn-stali  n  iiiiiK*rvi»‘, 

in  pi'tissiniila  tii  lainli'  in-'jnit liniisf  i-.l  in  d**ii<ic  in  /nin*  privc  di  sli-adt\  la* 
sii«‘  pi’csta/iiiiii  sniKi  piii'ii<--*Iai  appi-i-z/ati*  dal  pnnin  di  vista  inililaiv 

*•  lallicii  (caiiipi  ai  ii'i  iivaii/ati,  fis//  ili  *-i-i'.>,  ilni'anti*  dfainli  lavini  ili 

lH>niti*'a  c  *li  i-nslrii/iniii  pi-t*-  aiTupniiiiali.  l•antil‘l■i  stradali.  *li.trlu*,  wd. 

Si  pdlri-lilx*  aiii‘dC(i  pi  ns.-!ri-  <  lii-  il  i raspnitalnr**  rdinlaiil**  sia  parti*'dlainicntc 
inipiddaliilc  sii  ti'i-n-ni  ili  c'ciiati  iiTsIfi  assai  sc-ahrdsi,  diiri,  in  cui  I’acce- 

Ifi-azidiu'  di  i;i-avil:i  sia  p:irii.-tilaitn«-iit*‘  liassa. 

I  I rasportaldri  iiildlaiili  -i  |ii<-sianii  ail  ('ss.t*'  tra  liao  l•ollt‘,•:ali.  in  iiiodd 
iia  foi'inan*  di  i  vcri  <•  I'rnpri  «liv:ii>.  *•  poii'lii*  la  loro  <‘apa<-ilji  di  tfaspni'to 
*•  tidldVdl**,  iidii  *•  d/I  I’siliidrTsi  (>lii*  p.issano  sosl iliiiii*,  in  panc<’hi  c/isi,  Ic* 
ai)tutHitti  *>  Ic  /ml(K*isl*'i'ni'.  A  iidlarsi  clu*  il  Im-d  imiiictto  imn  dcst/i  jdcnini 
pi'c*u'<-upazidnc  di  .sictircz/ii  «•  cln*  il  Inni  cdsto  ptio  risultnrc  infi-i’idi’**  a  ipiclld 
dc^li  antdiiu'zzi  coiivcli/i"iia!i.  li  iintd  aiicin*  iMiiito  della  ncccssita  *li  nno  siwiak* 
t  fill  tore. 

II  sisli'Mia  si  prcsciita  jnir**  idonci).  nllr**  cln*  per  i  tiaspnrti  con/iitnitm-idi 
UHiinc/inza  inizi/dc  di  slnidi*.  casi  di  iinpralical/ilit.'d.  a  veri  c  piojn'i  ti';isiH>fli 
rcfiolari  di  /rr/indi  ipiimlil/ilivi  di  in-iNlnili  in-trulit'cri.  o  altri  liijuidl  in  {iciiciv. 
A  (ptest ’nl I iiiid  prd|id*iil*i  Insi'/aiia  t<-ni*i'  cdiito  ili'lla  |idssil)i!it:i  *dic  I*'  jnnvti 
inlt'riii’  dci  sci-li.itoi  lli-ssiiiiii  vtiiniiiid  iilt!i*'*-ii1i'  d/illo  sostaiizc  I rasiidctatc. 

1/ii  «  Till*  l•'o^l|■  SVIii'i'l  Itivv  Antd  I'o.  »,  a  cni  si  dcl/linno  .dcinu*  vcidiz- 
Zii/.iiini,  lia  incsso  in  llsd  dri  x  ihatdi  in  ^innma.  clu*  n•sisldno  bene  al  trasporto 
dci  cdmbiislibili.  .•nciili  lui  miitrinilo  iironuitico  sino  ill  W o  die  in'ssdiio 
lavornre  sinn  a  Icinpi  I'litiin*  *li  — 20"  *>  di  -t- nO" 

I  I'diili-iiildri  :i  pni'iiMiatii’d  |iiissini*i  venire  iipev  olineiite  eariciiti  su  rnrri 
fcnoviiiri  e  sn  ;ieni]il/iiM.  Iba  iiiK'ti  nlliini  pessono  isseiv  aiidu*  laiieiati  eon 
paiiicadiile. 

Oil  re  *'li<*  ibi  v*'i('d|d.  i  fs.ni<'nildi-i  sorvono  da  sorbatoi  statiei,  eon  {rriuiile 
reondinia  di  iinpi/niln,  t'iirj'.i:.’*  ili  triisloeo,  eliinina/idin'  di  travjisi  inteinu'di. 

Si  teii{;a  inrine  jiresi'iii,-  I,i  possibilila  di  iin)iie;;o  dei  eoiitenitori  sii  Inmne 
stf.ide  di  iii.inura  :  diila  la  bassissiina  resistenza  spreilieiv  di  rot*>l;iincnto  essi 
ediisi'iitoiid  .;d  nn  aiildiMi )■■>  di  pult  n/.ialita  iiipdii*  (I’ln*  iioii  linnn/.ia  al  sno 
niinn.ile  ciiried).  di  pnlir  liainare  simi  ;i  \eloi*ita  ik'H'didiiu*  *li  dO  kni/li, 
una  vent  ilia  <li  t*»iiiielliite  **i  pn/dutli. 
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• 

II  riinorclno  <11  pift  trnsiMM  liitun  mtol.-ititi  |>iiri  ii<{<'VoImpntc  atttini'si,  purohc 

fs-si  siiino  luiiti  Ira  loro  tla  liranii  ritiali.  Sr  la  liin^lnzza  ili  <|nosti  tiraiiti 
r  ri  fiolabilr,  pub  si-rj'lirrsi,  prr  tipo  tli  uii  ailalto  distanzianiciilo. 

Oib,  sift  per  t'vilaiv  ornir  ti-op]M»  |iri>l'titiili-  (siioli  ili  Iia'v-;ii  i>ortante), 

sia  per  potor  i)U'i;lio  sfruUart-  la  iintcviib-  ii'i-rzia  «lrl  ’■|•i^■lllo  (suoli  n)()lto 
acciilriitnti). 

III  ipU'slo  si'roiido  raso  la  dUtauza  tra  U*  riudr  va  roioiurusuratu,  ollrr 
rlir  al  suo  dianirtro.  alia  iliiiu-iKioui*  uuilia  dry'll  ostafoli  sulIa  sup(‘rfi<-ir  di 
rorsn,  |M-r  iimdo  rlir  la  rrsislni/ji  islaiitaiii'a  al  iiioto  dfU'intci-o  c  lifito  > 
riiuan^a  ro^taiitc'. 

I  tiraiiti  dililHuio  rssi-r<-  rollr;;ati  da  iiiia  I ininiiirra,  attra\ci‘saiitr  I’asse 
di  I'lita/.ioiii'  r  iiiiiiidi  tiuiuila  di  Ixx-rulr. 

■Sii  (i<;iii  riiiit;:  ^’allnl>  apidi<-alt.  ila  alll1H^1lll‘  i  lali,  i  taiidiiiri  <U‘i  frriii, 
prr  rs<'iii|ii(i  di'l  tipo  autonioltdisticii  ad  rsj>ansi<iiir.  roii  ^aiiasri'  rivrstitP  di 
I'l'i'oilo.  I.'a/jiiiii'  11(111  |iiib  (•In*  1‘sscrc  pni'iiinatira  :  r  ijiiiiidi  iirrcssario  uii  ndalto 
iiiipianiii  a  liurdo  di-l  I  rat  loro. 

II  rilindro  a  frciio  pub  poiNi  siilla  tiiiiDoirra,  da  on  Into. 

II  ('(iinaiidii  al  tamlmro  oppusio  d<  v«-  aw  rniiv  all  raver. so  I'asse.  cho  iM*rtaiito 
\a  prt'visto  cavo. 

l/;irieslo  e  la  dinziaiialita  di  iin  veirolo  liitia  riiDla  aiitonioloro  jiotrolihoro 
altuarsi  a  mezzo  <li  aria  ciauiiressa.  Ha  uiia  biniilmln  ad  alia  i)re.''.sioiic  I'ni'in 
verrolilie  iiiviata  Mii  iKirdi  }:oiifinl)ili.  posti  lia.sver.snlmcntc  .siilla  sii|>erficii' 
esieina.  run  preslaliilila  dissimeiria  sii  tali  Inirdi  oiTerebbe  dei  ri.salfi,  jrt 
provo(*are  il  eambiaiiit'iilo  di  ilireziono. 

.Ma.  ('videtiiemi'iite,  e  ni('}rlie  rieorrere  alle  riiole  binate  (piando  si  desidora 
(III  veieolo  anioinotoiv. 

I’er  (|uanlo  mi  risiilla,  iie.s.suiia  pin\a  e  stain  fiu’oe^ri  efi'elluata  sii  Irasjmr- 
taliiri  aiitomotiiri.  I.a  iliftieolla  priiieijiale  eou.'^isto  tieU’eipiilibraro  la  .spinta 
I'.sereiijiia  dal  luoloiv. 

Miilore  e  (juidatore  viu  rebbero  rtilloeaii  a  sli^ilzo,  a  eia.seiiii  Into  «lo!la  niota. 

•Serveiidesi  di  uii  ti-asmeltitore  piieimiat ieo  o  itlraiilieo  o  rieorreiido  al 
sislema.  ili  saeelie  •loiifiabili,  ipiesta  dillieolla  rimaiie  .superala. 

Ij'aria  eompressa  vi..ie  iiiime.ssa.  eielieiimeiite,  a  mezzo  di  uii  distribulon- 
rolaiite,  su  eiaseiina  .saeea  peril'erie.a.  in  nnnbt  da  jumdurre  azimie  di  iiioto. 
l)pi>iire  |)ub  .uinperar.si  il  .sislema  inverso;  tciiere  rii'uidi  lutti  i  sorbatoi  estoriii 
0  scaeei.ire  eielie.iim  life  I'aria  da  eiaseiino  di  essi,  in  modi)  elie  sia  raguiunto 
refl'etto  \oluli>.  Ill  ipieslo  .seeiiiido  ea.so  la  ruola  si  preseiderebbo  oomo  aveiite 
unn  dental  urn  esierna  a  grande  risall".  K’  pos,siliile  aurora  pensare  n  sporpciizo 
ri^ri.nfiabili  «  a  spina  ».  oripuiv  «  -a  rliovroii  >. 

11  .sislema  iiermolto.  indin’eronlemeiite,  l.n  marria  nei  due  seiisi  o  ipiindi 
aiielie  ra/.ione  di  arreslo.  'riitlo  sta  uella  ada'ta  re;,".iIazione  siiiermia  del  rlistri- 
buloro  deH'aria  alia  rotazione  del  tr.asportafore. 

la)  seliema  proi)o.sto  non  periiielto.  evid  ntemenle,  olovale  veloeita  di  marria, 


nia  evita  nllo  siHH'iale  vciowlo  lu  npccssita  di  vi'iisrp  tminnto  da  iiii  iin'/.zo 
ostraiica 

II  dispositivo  autononio  dcM^rilto  f  nii.sto  ad  aih'mizn  o  nd  iiiipuntamciito. 

I'oino  dati  JHT  u»a  caW-olazionc  pn'vontiva  dand  i  s(>};m‘iiti  valori  (voicoli 
tniiiiati) : 

—  rn|)|i(irti>  Ira  tarn  e  mrim  1/3 1/4 

—  nlln  trn/.ioiK*  >ti  iitlinin  >lrnila  20  k^/tonn 

—  ••'K  tcrrt'in*  ili  t'iiin|>»^ui  ;M)  kjr/t«>nn 

-  idt'in  su  torri'iin  snlilii<»'^>  40  kp/tonn 

—  idem  sii  terreno  nn-eiiMk  it  pielrirKi  40-^100  kp/tiinn 

—  veliieilii  iiias?iiiin  >n  >trntln  ilO  kui/li 

—  idem  HI  pisf*  25  km/h 

—  idem  'll  terreiui  ai-i-iiloiitiitit  20  kin/'li 

—  eiiiieii  iiiav'iimi  tra.NtMirlalMli'  |ht  iiiiila  da  500  a  100(1  kg  ed  oltrc 

—  eiM'IVieieiite  d'inerzia  ikt  ta  delfniiiua/.ioiw  dil 

jie-iii  lidiziii  _  k*  =  2-i-2,5 

—  riipperl'i  Im  sl'nrzjt  iti  iriizioiir  alli>  s|itiiitit  c 

sl'mv.o  di  traziiuie  a  nvim**  2/S 3/S 

II  1 1  iisimitatoiv  tiilla  nmia  »•  nn  veieolo  al  <*ui  imp'upo  (lOivieite  iiuliriz- 
XiU'-^i  pel'  tahiiie  spei'iidi  appiieaxioni. 

lai  pieseiite  relaziniie  l»a  ajipiiiito  io  seitpo  d)  iluilo  o  iniroduy.ionc  ugli 
sludi  lelativi. 

I)  I  S  c  r  s  s  i  0  X  s 

N.  W.  RADFORTH.  —  It  is  im|Hiiiaiit  ii'  esialilisli  a  eoiireiil  ol  ivlial  is  nieaiit 
liv  «  Mal'li  SVliat  are,  llie  rel'ei em-v  lenliives  aeeeplrd  liv  Prof.  I)e  (Sregorio 
for  lliis  I  loiilde.'oini'  !>(«■  of  lerriiiu.'  Il  is  my  e.\i>eriei!ei>  lliat  .a  ^vlloe!ed  veliiele 
lias  vii'lmdlv  no  eliaueo  of  I'Nliihiling  elTeelixe  Iruelivt,'  I'lTort  on  iniir.sliy  lermiii. 

C.  DE  GREGORIO.  —  Pm;.;  razio  rinliM  leM  iiPue  pi  iuei|i;ilmenli'  peielie  egli  mi 
periiietio  <li  eorreu'geie  mia  parola  della  iiadiizioiu'  in  iiigleso  dellii  mia  lirevo 
e- posizione. 

III  non  lio  parlato  di  inareia  .sii  «  palude  ».  II  eoiilenilorr  non  e  difalti  iidatto 
III  iiioviineiilo  sii  fondi  neip.iilriiiosi,  a\enli  nn  errio  lialleiilo  irai-<|iiii.  I’-s.^o  puo 
solo  iiiiireiiire  sii  lerreiio  eoiisisleiito  faiigitso.  di  lia.s.'a  ca|taiila  I’orlaiilo. 

II  eoiiteiiiloie  rotolanlo  lia  aiielie  iiii'.-dtra  jHi.-.iliilila  d’imjiiego,  elie  sla  in  nn 
rainpu  perfolliinieiito  opposlo;  mareia  .sii  terreno  saldiio.Mt,  nigo.'U  o  pielioso. 

Mvideiilenii'iite  la  IraduUriee  e  ineoi>a  in  nna  iiivoliintnria  iiiipreeisioiu'  ripor- 
liiiido  in  iiigle.'C  la  imrola  ilaliaiin  t  pnlnde ». 

II  eoiileiiitoie  tin  tiiltavin  ilelle  ipialita  «anlil)ie»  ncl  .'S'li.so  rlie,  ■•on  oiipiivtuni 
acooigiiiieiil i,  se  no  puo  stii'liare  il  molo  neiranpm  prolomla  .sfriiltaiulo  doli  di 
gnllcggiiibilita. 
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The  steering  of  tracked  vehicle  by  articulation 

La  sterzatura  dei  veicoli  cingolati 
mediante  articolazione 

-  r.  J.  Nl  Tl  AM.,  -Ir.  •) 

Tlio  Atillior  iiitt  li:i\  iii^  Ih  i-ii  .-ililr  in  aHi  ihI  I  In-  iiii'i'i  Iiiil:  to  jircscnt 

In';  piipt'i'  liiis  f\|ii'('ssf4l  l!ii-  wi'cli  iml  in  il 

li’Autiiii',  nun  iivi'intii  |H>tnli>  i>r<'si-iiliii’<'  jiri-Nnii.iliiu-nlc  iil  CmnTgnu  la 
sim  rt'laziuni’.  Iia  fsin-css;!  il  ili-siili-iiu  t-lu-  mai  vi-nisM'  incliisa  iir'xli  Atti. 


*)  Wilxin  Niitinll  Uaiiin>ii*l,  Kii“tin'rr»  ui-'..  (  In'tiiTlnH  n,  Miirylanil,  U.  f'.  A. 


Ruota  strada:  cingolo  fuori  strada 


.Wheels  for  the  road 
tracks  for  cross-country 

(•'.  HttNMAKTINI  (Iflima) 


in  nna  Intcra  <U'l  14^^  ilirplla  n  in)  Sl'i>r/n 

€  Itciii  t'nni  «'nrri  ri.(ioiii  c  siriiri  ini>iycii>il)ill,  i  C|ii:)li  cnlrniiiin  iiilm  li 
iiiiiiiici  nm  .-nc  nniuliirii’  ihmi  v  >.1  jiranilr  moll ll •.iiliiic  ill  m'litc  tl’iinno  rlic 
Hull  r«>ia|i('>>in<t.  K  •lirlrn  a  qiir>li  pniraniio  .vopiiio  I'niitfrii'  n.■>^lu  illobC 
c  .soii/a  nlriino  iinpctliiiu'iito  », 

in  II  lilhr,  ilniril  liSI^  nililrrfu  il  In  I.iii!ii\-ii-it  Sfonn 
€  Al^n,  I  sliiill  iiiiil.r  c/iirrril  rihii  lr.i,  iin  iiliirnihlr  oiiil  f'lfc,  cii>iij>])cil  with 
quiiHf  tn  prili'lriilr  iiifn  the  ciii'iiiif*s  ntnhs:  t]ii"tr  will  rtiish  tJir  rrsisfr.iicc 
Ilf  anil  iiiimhrr  nf  arnnil  '•oWicr':.  Siuli  vrhiihx  will  hr  fnllinri'il  hi/  I'lifniitri/, 
li  lilih  11  ill  jiniinil  mfili;  niiil  iiilliinil  nni/  iniinilniiciilit  uhiitinii  vcr  ». 


llirttrilo  aui,  in  {tf'lm-  nlfalM-t ico.  j  '.nioi  xnli-nii  C'olHhorntori ;  Pott.  In/r.  KiTilinnuilo 
llonliiiii  (I'.'ilivili  iiiiitriiiati<-iV  ('niminilniito  flian  (liai'omn  (pnivi'  nl  r.'iprrioii/r), 

Dtitt  liiu.  (’arid  Clinniiii  i  pi'';;-l Inzionr  inri'i-niiii  a),  f  tiiiyrnzio  la  Kiat  S.p..\.  pi'r  il  ilixinti' 
rc?.«iitd  o  i'mii>vo  nitito  jtr#'>iali)mi. 
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ABSTRACT.  —  Jn  the  present  ftrport  the  Author  trisher  to  ejprrtf  tiia  opinion, 
haseit  on  many  yean  ot  diligent  and  thorough  rctcarch.  as  foUom: 

1)  the  track  fs  the  only  means  permitting  reliable  off-the-road  circulation; 

2)  in  order  to  yield  the  best  possible  per/urmancc.  the  track  has  tc,  he  pnemmatie. 
This  Report  gives  a  condensed  description  o/  studies  and  research  carried  out 

in  order  to  obtain  a  high  speed  pneumatic  track  consisting  of  one  continuous  band. 

Furthermore,  as  n  result  o/  Intensive  studies  on  /rictiens  ir.  the  track  and  on  the 
ground,  it  describes  a  track  where  the  sliding  Jriction  is  converted  into  rolling  friction 
together  with  a  new  Joint  for  connection  of  the  links  of  the  chain. 


It  |ir(ilili'ni:i  ilt-i  alii  ail  niiri'aii-  riinii  stiaila.  mi  si  i»v.s«‘iito  in 

ini'Uiii'i'a  iiriM-isa,  lu'l  l!t2S  »•.  jiiii  luvcisaiin-iiii'.  snlio  il  |ii'iitilo  a<-n>naiiti«*o. 

Avi-\ii,  alliiia,  iiirssii  alKi  .stiiilio  mi  pii-fi>li>  liiiDDlori-  <Ia  liirLsino  a  5  jmsti, 
Hull  srii/.a  priina  aviTi*  iMi|:i;;at<i  siillr  I'.iitilla  ili  assiirliiniriitu  ilrl  iiUTcnto 
illlrlli  i/itiiiali-,  per  till  a»li-ii  tlcl  Kflii-rc. 


.•  V.-.  I, 


Mi  .si'iiilii'ii.  I'liiiio  aiii'orii  mi  si'iiiliia.  i-tii'  il  \  i  rn  tiiri.'siiiii  .ii-irti  imn  fo.'^ 
lappri'Si  nlalii  ilalla  I'ai-nli.a  »li  Ira'^ri'i'inii  nio  ila  uii  rf”i>lai'f  i’aMi|Mi  ili  nvinzioni* 
ail  iin  alii'd,  lu  iisi  ilalhi  pii'<siliili!a  i!i  ! rasriTiiiirnto  iniiltii  piu  vasiu,  o  cioe  tla 
iin  |Miiil(i  ipialsi.'i.si  ad  uii  altri). 

.Mi  lui'ii,  alliiiti,  it  sludiin-f  il  pniliiriiia  v  mi  iii.-ti  t-la-  rtiniia  slrndn  da 
si'i'iiiiv  iTa  (piclla  ili  rcaliz/.iii’  mi  ^■ill"ll|l)  adalti)  allu  sttipo  (lijr.  1.  2,  3). 

Nrllr  ilhiMl l  a/.iiiiii  aim  -;sr  all.i  itrasmli'  |{i-laziiiiir,  r  (iiissiliili-  iimaro  traccin 
di'llo  ilivcr.'i'  \  if  sfi;iiit<>  lu-i  vaii  iciitativi  di  ri'ali//.aziiini  piatirlu-  r.  in  ipmiclie 
caK'.),  ant  in'  ilcllf  fsjti  rii-nzt'  toiiipiuti'. 

A  iiarlf  II'  l"i:”i  cJif  limilat.-ino  ir.  pin  I inppn.  liinittmn  ;mi-»>ra1  rin'.pii'f;i> 
tli'i  nii//.i  .11  ii'i  pritaii.  nii  piitiiln  liimniiii'i'.  in'i;.:imili'  am'lu'  ftniii'  sisU'mnzimu' 
ili'llii  ))i)ti'ii/.a  imilfiff  - —  lid.  4  — ■  .iiti)  ail  npiiai't'  piisso  a  duvnmpic  c 

anliliii),  a\i'i’lil)i-  pnlulii  avrri  ima  i-i-rta  I'artima  inmmiTiiiili'. 

Ni'l  1!UI,  ]ii  r  rsifii-n/.r  ln•llil•Ill•.  I'lii  cnsl ri'l III  ad  im  liinjio  M<;.';,'iii. !n»  iii  uii 
I’arsr  dim'  il  piulili  iiia  dri  IraNpiirli  diimisti-d  la  sna  impm'laii/.i  vilalc  0  mi 
ciinvinsi  allnra.  sniipiy  pin.  idii'  rimpioj'ii  di'l  ^■in^;ldo  iiiti-^ralo  i-ra  il  .si>lo 
alto  a  vi.iolvi'rc  il  prnhK-iiia. 
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FiK.  .1. 


U)i  :irtiiiilo  del  ( !oiht;i1o  jtubhliciiln  siiHn  «  Wi-lir-Wissciisclintt- 

liclir  Uiimlscli.m  »  lU-l  in;i<:pi(»  fomiin-nlb  cliiiiriiiiH'iitp  qiU'slo  asM'rto. 

Vi'iiii(;i  l;i  p:ici',  ju'itsi'piiii  i  niiri  sludi  o  lu'l  1!M!I  i-oii  I'nhito  ib'llii  Siipi'rpn 
S.i).A.  ((ii’U|)|ii>  I’irrili),  ;i  itjio  tohili  spoM-,  il  priiiu)  lulxtliin'  jtiifunui- 

tico  clu'  I'm  i's|)(rimciiliit(»,  piiitip;iinfnU%  Milto  un  vrctiuu  I’ipi  r  Ci-'i  511’  c  die 
lU'tto,  pia  (lallo  iniinc  |!n)\o,  lisultali  i-he  nun  csito  a  difiniie,  ju'r  <iudlVpuca, 
slniliiliiiiiti  (fip.  5,  C,  7). 
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Mil  n  liiNilaiv  ill  si*  «•  !>*•»■  si'  iivovii  luiiiiciiisi  liiTi-tti. 

liit  I'in’lli  S.p.A.  nviMTi,  allom.  ii  sc  il  |)i'cilitriii,i  ili-llii  iin>s;i  ;■  jmnfo  Jcf 
tulmljuv  t\  s(‘uii*n‘  a  ink*  lolali  s|m*s4‘  c  ^rji/ic  iil  viilun-  ilrj  I ’tilliilNti'iiloi-i  iIcIIh 
I’iivlli  sfcssa,  si  iirrivii  ali.»  j»-«*<lii/.iuiic  di  liilMiliiri  iicrl'flti,  non  solo,  inn  dci 
•jiiiili  Iil  I’iivlli  riiLsci  a  uicUcnic  a  jniiilo  nin-lii*  il  sisloniii  «li  prtHlux.ioiic 
iiiiliLst  nnir. 

♦  'on  }ii'iinilo  nM'nivijrlia  ii»  ^•»llslllto  iiiH'Drii  o^oi.  <-ln“  non  solo  si  discutc 
siillc  fiicolt.'i  tl«‘l  ciii«olo,  iifi  v-onri'oiiti  ilollii  nioln,  |ht  tiitli  i  uh-/./.\  <li  tiiisporto, 


siiiiio  cssi  non  i  clir  tcrn-slri,  nlli  ad  ojioinn’  finn  i  slriuln.  inn  clip  stiidioni  c 
Ditto,  imclic  di  prinio  ordino,  sp;initiiiio  ii  |iri>roiidi  i-i>  pnti'inioni  di  infollip'iizn, 
di  inczzi  o  di  dciiiiro.  sii  stiiidc  scicii)irK  !ic  c  liciiiclic,  n  inio  nvviso,  scnzii  tiscitn. 

Villi’  la  ponn.  pciisii.  di  fiiro  iiisiciio’  iiii  poco  di  slorin  i-d  nil  poi’o  di  criticii 
oosliiittivn  o  fiiri’  il  pniilo  «l(nii  .sitiin/.ioiio. 

11  nii'z/.o  di  I I'iiNiKirto.  iicllo  prinio  orijiini,  orn  o  nniiino,  o  n  dorsu  di  fpiadni- 
podi,  o  con  linn  siu-cio  <{i  trofririn. 

Vciinr.  poi,  it  TMi  il  <|iini'lu  inillonnio  ii.C,  la  (iriindc  invcnzioiio  dollii  viiofn 
olio  sustilnl  iiH'iittrito  i-ndcnlo  della  frc;r>:iii  sid  ll‘l■l•cno.  (|Ucllo  \ohcnto  dolln 
ruotn  sill  stio  nsso.  K  la  riiotii  porto  alia  oicii/.ioni'  della  sirnda,  pcrclio  la  niotn, 
per  111  sna  liinitata  niva  di  iippoirjiio.  avoia  >:randc  tcndcn/.ii  nd  afl'ondniv  siii 
tciToni  niollo  sposso  ihk-ii  ooiisistonti. 

No  consi'};iio,  ipiiiidi.  coiiio  priiiia  oonslala/.ionc  sloricii.  clip  la  niota,  ))cr 
ipiosto  fnttoro,  non  o  ndattii  a  I'ar  jralloofriarc  ranloinc/./o  1'nori  slr;idn. 

La  pi’iniii  jirovn  di  quosto  nsserto  si  cMm’  diii-iintc  la  pi'inni  cnci  r;;  niondiiilo 
1))14-191S.  L'intuizionc  di  Looinirdo  d.ii  Vinci  eiii  divcntiilii  rcnli/./aliilc,  inipian- 


locht*  il  nioltirc  ii  ioMi'  inli  miovo.  sc  liinvo  dviriiDmo, 

«'ra  iViVi'iiliilo  iMi;i 

1  ili  li:il till  Ntifil  ilrD.-i  I'r.iiH'iil  iiiiiio  il  cciitru  liiltico  o 

-sinilcfrii’o  >;iirrr;i.  I);il  l;ilo  iriTiit.iiiii-n  lu  sroiul.inu-nto  ilclhi  liucii  ilifi'iisiv:; 

IK-Iiiicis  MiyiiificiiVii  i  rii'wi  niim  nli  il.il  m.irc  .i^li  vsi  iviti  jilluili;  <1ji 

t|ni‘1lo  filltiilo.  ;iriM;irc  ;il  liclir  jicc  lo  nu'iii),  i>ri\;iri*  IVsi'i'cito 

(jiTDKHiii'i)  pvi)ii'jj:al('  liasc  «■  <lrl  iuii;;L;iitr  ciiitro  <li  pvothi- 

xioIH'  iVi  CIUTl'ill. 
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Xcssun  ni(‘/ji!o,  iillora  f«iiuis«-iuto,  rtiisiMva  lu’ll’intonto  cli  sfomlarr  Ip  rispct- 
livp  ciDste  roiazziitp;  sorsp  allora  tic^li  Stali  Jfiinsiori  fijmp<-sp  I'd  in^Iesp, 
iiulipi'iidpiitpiiii'iitp  ruiHi  ilall'iihit*,  rilU'ji  ili  fit'jirc  tin  fortino  spmovonte, 
por.iz/jilo  ppf  la  ilifisa  (U  iriuniio  avaiizaiilo,  p  iiumito  <Ii  arini  jM-r  rolTesa. 

Ma  (lata  la  jinca  ctiiisistt-n/a  <1(4  tcri't'iio  dplla  /<ina,  la  riiotn  si  diinosti'n 
inailatin  alio  scopo,  in  <piaiito  afloinlava.  Inoltiv  Ic  Inielic  provta-ate  daRli 
intiniti  hoinhardanu  nli  nl  i  fossali  rappn'si  ntati  dalle  Jiuinerosp  Hlo  di  triiUTe, 
Mclli'  ipiali  Ip  ruolp  cailpvano.  ifiidcvaiio  iinppiisaliilp  riinitipf'o  di-lla  niota  stpssu. 


fit;. 


Ehlip  cosl  ini/io  la  prima,  ;irandp  rcaii/./azioitP  drl  pliiirtiln,  ailu  a  (•<in>ii'iitirp 
rinipie^;()  ili'l  carro  aiinaln  !•  clip  risnlvpva  il  i)HiI)lpiiia  miini’in  uini  ili  i  ini'/./.i 
filoi'i  strada;  dor  ijitdln  ihllu  (/«,'/< i/i/iVd/idi'a  i,  f/iiiiit/i,  <Iillii  titiiisihihilili'i  sii 
tutu  i  hrrcni. 

N'apipip  il  ciiiPDlo,  nta  con  dirdli  roiiilaiiuMitali  clip  tnllora  i)priiian;j:inio  p 
siii  i|nali  i  Iccnici  di  Intio  il  nioinlo,  .siiio  ad  >'}:f;i.  non  sono  rir.>.-i!i  a  dire  nna 
parola  dcfinitiva. 

Plat  icaniciitp  il  l  iiipolo  ci'a  cosiilnito  da  nna  spi'i(  di  pii>lrp  niPtalliclip 
I'Pt  ianfiolari,  innnitp  di  j>innp  di  aj!<;ra]>painpnto  siil  tprii  nu  ptillcpatc  da 
cprnici'p  niptalliclip.  siinili  ai  cardini  inlorno  ai  i|nali  ruolano.  da  coli,  Ip  poitc. 

(^ncsla  sohi/.iniip,  clip  i  <piplla  aiipora  imiiippata  ai  pim  ni  iiostii,  lia  snpiat- 
tufto,  i  sppUcnti  dilctti  di  base: 

a)  Un  co.spicuo  atti  ilo  ladcntc  sni  suolo,  clip  liiiiita  rainjiii  zza  del  piiipolo; 
ntt  rito  csaltatri  diillp  jiiiinp  di  airitcapjianipiito  clip  atTundano  ni-l  tcriPiio.  iciidoiio 
difficile  la  niaiiot  la  del  vpicoln^  assm  litino  "ran  parto  della  jiott  ii/a  dispuniliilc 
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Ks«*  .•«no  fHJstituitc  Cn  pi'nii  nirhilli''i  siipnfit-j  imlurito,  sui  qiiali 

nmtnno  «rFi  •K-chi  torniiiinli  tlollo  piaslM*  ili  Mitfiuiriii  o  If  ii-lativc  boccole. 

.  (Jiifstf  rt'mifn*  soiu)  sogfjfttf  a  iisiii-a  cil  .-issorhono,  n  loro  volta, 

tuin  qnaiitita  iniroiM  i.ssitn:i  (U-IIViicrtriii  itix|Miiiibili‘. 

Vi  r«im»  «h*i  ciiiHoli  oIm*  al  |><>sto  •l«*l  |a“nii  iiu-tallifi  iiiii)i(‘;r<'H)o  <1fi  tipi 
s|H'('iuli  ili  silfiilblok  in  t^inittia  «iii  si'Jiiwo  n'liiliiiifnto. 


f 


lt». 

Allfill'  ipifsto  j'l iililfiiia  f  Nialu  ila  iiif  prat icaiiU’iitf  risolto  nttra verso  tin 
ilis|iusitiv<i  ili  folli-v'-inii-nlo  flu-  foiis^oilf  lii  l•olazion^  rvlativa  iitturiiu  iul  \iii 
assf  fisso.  sosi il iifiititisi  al  iiornialf  pfi-iio  lilflallifo  ril  fliiuiiiaiulo,  in  tal  inoilo, 
o;ini  atlrilii  Ira  jK'niu  r  liiMn-tilo  ilflla  fiilfiiaria  tfl-’.  10,  II). 

r)  A  caiisn  ilvi  laatfi'iali  iiiipir^ali  iirlla  i-oslriizioiif  ilci  fiiipoli,  r  per 
pli  a«-<-i's.sori  apfiiiiili  airauloinezzo  per  rrinlerlu  atto  ai  inoltejiliei  st'oiv.i  cil 
allf  iii'ffsaiia  file  seatuiis<-oiio  dairiinpifpo  ili  lpu'.^Ii  tipi  ili  einpoli,  il  iioso 
lolalo  ilfl  mezzo  fiiipolalo,  rispfttii  a  ipifllo  ilfl  trailizionale  mezzo  a  mote,  e 
si'iapre  ili  ;;raii  liiiipa  supfrioiv. 

A  parte  riiii'vitiiliile,  innsepnfiite  !iuiiifiiti>  ili  fosto.  ipifsto  lapjiresenta 
nil  ulteriore  pro-wissiino  ostai-olo  al  rappiunpimento  ili  nii  basso  earioo  nnilario, 
•Sill  teni'iio,  liniitaiiiloiie  ie  farolla  ili  iiiijiiipo. 

il)  liifine  il  peso  ilel  veieolo  e  sopraliniti)  'lei  einpoli.  lo  siioilarsi  a  scatti 
ili  ipiesti  nllimi,  i  marlillaiiieiiti  ilelle  pinsire  metallielie  eoMlio  il  terreno  e  le 
sue  irrepolarita,  reiiiloiio  ilifTii-ile  il  i appiilMpiineiito  ili  niielle  veloeita  elevate 
file,  sjieeie  jH’r  i  veieoli  militari,  souo,  oppi,  una  iinjn'rativa  lU'eessita. 
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Mnljii’iido  tiitfi  i  clift-Mi  MuiM-i-nniiti.  il  l•iM<:lll<>  iill’iiiizio  ho  dctto, 

|K‘miisr',  chimntc  hi  miorrii  f!n4-inis,  hi  I'l-iiti/iuixiuiii'  Ji  vi-icoH  oornzzuti  e 
aminti,  onpiuM  di  iiiuovi-i-si.  fiuni  lU'Ilc  mIiihIi*,  su  trnvni  st-ouvolti,  irn'Rolari 
e  iiiolli. 

Como  soinpro  iivviiiio,  lo  mione  li.solvmio  aiiche  piohlomi  olio  intcrossano 
in  toiii|>o  ili  i»acf  «■  i  roano  dollo  inatoliino  i-lio  divoiitano.  poi,  <11  xiso  comune; 
<Hjsi  nvvoiino  aiudio  iicl  oiis«>  do!  riii);<)lo. 

Infatti.  fiiiita  la  jrin'iia,  nanpioni.  diiivalc  diii  im-z/.i  inilitari.  Ic  tiattiici 
a};riru)o  o  tiitta  iiiia  si'iao  iff  aiit(Mn(‘//.i  atli  a  muovcrsi  su  tonciii  non  prcdi- 
s|Mtsti  alln  viahilita. 

Cirt-'i  i“sistuiui.  pcrfaiilo.  diu'  iiiipi<'i:lii  rundainriitali  di-i  vcicnli  fiiori  strada: 
iiiipu‘<'0  civile  ed  iiiipievo  niilitai'e. 

^fa  solij  ill  iiiiiio  il  eiiie<il<i.  malerailii  la  siia  rndimiiitalita,  suniionta  lo 
irn-|;iilarila  did  lei  reim.  sitpera  le  Itiu-lie  ed  i  I'tissali  !•  €  inalle^'iria  »  supra  torrciii 
sinoiie  pueo  emisisleliti. 

Quest‘iiltima  jirefoi'ativa  »•  doviita  alia  urande  siiperlieie  di  appo»:j;io  che 
e  |X»ssiliile  iillellere  eoll  i  (■in<'oli  e  elle  eulisellte  di  ridlllTv  "raildeniente  il  earioo 
uiiitariu  sul  tcriviio. 

I'lio  tlei  I'l'andi  vanta«"i  dei  eiiiizoli.  iiei  conl’idiil i  delle  niotc,  eoiisistp, 
inratli,  lu-lla  loro  tuitevole  propriela  di  ai'Dojr^iare  a  terra  inia  I'raxionc  iinpor- 
taiilc  tuii  terzo  eirva)  dellu  sviliippo  della  loro  superlieii'  esieiiia  tolalc;  I'arcn 
«li  apjK>i:>:io  di  uiia  riiota.  iiiveee.  e  niia  ipiota  assai  nuxlesta  (di  solito  circa 
un  iloilieisiino)  <1<>llo  svilupjm  della  soprrficie  tolalc  del  hattislrada. 

I’crlaiilo,  a  parita  di  earieo  e  <li  pressioiic  sill  tcrrciio,  c  ijiiiiuli  di  area  tli 
eoiitatto,  la  supcl  ticie  tolale  di  Uii  cinjndo  e  iii  eessarianieiitc  iniiiorc  rispetto 
a  •piclla  ncc('ssai-ia  in  ima  niola  dato  il  lapporlo  staliilito  da  1  n  4. 

Veiliaino  la  eosa  un  po’  )iiu  da  vieiiio. 

|)al  jmiito  di  vista  elie  <pii  intercssa.  un  eiiipuo  e  eostitnito  da  una  xonn 
di  appo>r;;io  snl  icrreim.  la  eiii  area  indiehiaino  eon  s.  da  un  tralto  di  ritorno, 
j>res.Nipoeo  parallcio  e  di  sn|>er!icie  idi-ntiea  al  tralto  a  terra,  e  di  2  raccurdi, 
Jiiiterioiv  c  po.steriore  elie,  di  solito.  lianno  una  supcifieic  coinplcssiva  vicina 
al  valore  s  anzi<letto,  anunosso  elie  la  rnola  anterioiv  e  i|uclla  postei  ion'  ahbiano 
lo  Nievso  dianu'tro. 

Si  puo.  periaiito,  dire  die  l  area  tolale  di  nii  ein^olo  e,  .niriiieirca  UKiialc 
ad  .s  I  s  .s  —  -Is;  eioe  I'area  di  appo>:(:io  a  terra  e  presso  a  poco  un  terzo 
doirarea  tolale.  come  avevo  nia  asserito. 

Naiiiralinente,  se  il  ciiifiolo  alVe.nda  seiisihilnioiite  nel  tcrreiio.  In  zona  di 
iip|x)"pio  aiimeiitn  aneora,  per  il  coneorso  di  iilteriori  Irani  dei  raeeordi  auteriore 
e  pustcrioii",  ^iiin;:etido  ad  un  valore  limili-  \  ieino  alia  meta  della  siipeidcie 
tot-.le,  SI'  il  ciuj»olo  alTiinda  lino  ai  iiiozzi  delle  ructe. 

Tale  cnndi/.ione  e.  naturalnieiile,  eeeexionalc,  iiia  I'area  a  terra  e  vicina 
ad  un  silVatto  valore  liiiiite  aiulie  per  atTondanienti  nuHler.'.ti;  talohe  .si  jnio 
alTcrmare  die  la  siipeiTieie  utile  di  lui  eimrolo  e  coinpresa  fra  la  iiietA  ed  un 
terzo  di  fiitella  tolale. 

1  ciiipoli  atlnali  non  conseiitono  ili  arrivarc  nd  mi  earieo  siil  terreiio  cosi 
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bnsso  «la  cliiuinnn*  ofiiii  pivot'oiiiuiziojur  i-itjuanTtintt'  la  r«>n»Lttenza  «I  Q  tip© 
del  tenono  tli  inipiefio  del  veicolo. 

In  una  niutn,  invecT,  la  cDi'da  della  zonn  di  euntntto  r,  di  solito,  una 
1‘rnzione  di  ra}:}:ii>  v'  di  Iwittisteada  della  riiota;  so,  ad  oseinpio,  snpponiarao  ehe 
la  snddelta  iunla  sia  la  nuta  di  i',  I’an-a  dellu  superlieie  di  ewiitatto  sara: 
1 

— 1*^0^,  cssi'iulo  e'  la  larjiliezza  del  liattisti'iida;  c  poielio  Tarea  ilclla  siiperficic 

2 

totale  dv  e,  «vvMiH>eMte,  jwri  a  'l-r'r,  rl  mpportu  fra  Ic  aree 

suddette  sai-a  dato  da 


1 


cioo  I'area  a  terni  s.ira  eir<-a  iiii  d«idi4-esiiiio  di-li'ai-ea  totale  <lel  IxiiltLstradn,  «-omc 
avovo  priiiia  ass<iiti). 

Tale  rap|*<iil<i  e  Vi  di  nuello  tiovato  preecdeiiteineiite  jH'r  i  ein^uli. 

Natiiraliaeiite,  se  il  teireho  o  eedt-vnle  i*  |;i  rnolil  alTonda.  la  zona  di 
conlatto  eiesee.  id  il  iapp<ti  lii,  iinpnnita  a  terra  •  area  totale.  niioiiura  Ciio  al 
valore  liinite  di  eircu  Tale  valore  limite  si  raticiimcc  «juan*lo  la  niota 
afl'oiida  lino  al  inoz.zo;  laa  eoiilrariaaM  iile  a  ipiaiito  avviene  i>er  i  einjpjli,  i 
valori  iioriiiali  del  suddetto  iapp*irto  soou.  di  solilo,  a.>sai  lunlaiii  da  talc  valore 
limite,  poielie.  in  <pieste  eoiulizioni.  si  veritiea  il  riliallanieiito  della  niaecliiiia, 
imnitre  la  potenza  niotrii'e  a  ilispusizioiu*  «•  iiieapaec  di  sposlare  il  reieolo. 

D’altro  eanto  latte  (pieste  niie  eotisiderazioni  soiio  snpi'rfltn*  in-ivlie  ritt'noo 
olio  lo  open'  del  I’mi',  Hekker,  ja  r  la  loiat  seieiitifiea,  fonilainentalo  iinportanz;t, 
siano  a  eonoseenza  di  tutti  eulun>  i  ipiali  si  interessano  id  prohlema  dtlla 
loeoiuoziono  fuori  strada  e  elie,  ijiiindi,  sia  fneile  per  tatti  convim-i’i-si  elie  il 
eiiijrolo  e  il  aiez/.o  tipieo  jiei  operare  in  tal  seaso. 

Sc  si  vaol  teiitare  di  r»'ali/.z.ue  an  veieolo  a  raoto  elie  aldiia  gli  stessi 
eariclii  anitari  sal  terretio,  e  sia  in  tirado  di  sniieiaie  oslaeoli.  Imelie  e  fossi. 
anche  niodesti.  oi-eorre,  evidenteinenle,  rinnreiv  a  riiote  enorini.  di  iiivtotnlim, 
peso  0  costo  elevatissiini. 

Va  altiesi  delto  elie  tali  uraiuli  raote  sarebliero  I'aeilnieate  valaeiiibili  e 
daiiiiejreialiili  (e  non  si  potiebln-  eertaimiite  pensare  di  iiortan'  eon  se  delk* 
mote  di  seorta.  amlie  jier  rinipossiliilita  pralien  dello  rapida  sostita/.ione  di 
(|nolla  avarialat;  inoltre,  eon  raote  di  tali  dina'iisioni  e  di  eosi  I'stesji  art'a  a 
terra,  risornerebls-iii,  in  pieno,  i  jimlilenii  di  striseiainento  e  di  ronse;»ueiito 
atirilo  radente  nei  iiereorsi  in  eurva.  di  eai  avevo  jaeeedenteineate  fatio  wniio. 

Con  i  eiiieoli,  inveee,  iinelu'  se  di  diiaeasioni  raeeolte  e  norinali,  e  facile 
rapfriun^ere  pnssioni  snl  terri'iio  hassissinie;  e  idtrettaiito  faeile  valieiire  fossi, 
Inudie  0  sai'erane  ostaeidi  (sperinlim nto  se  i  einpoli  soiio  vlel  lij>o  a  raota 
anteriove  rialzata,  eoiae  e  jjeaeralmonte  pratie.ito) ;  la  Mdaondiilita  e  ridotta 
0  le  riparaziotii  soiio  ahliastaiiza  faeili,  piaeelie  i  niezzi  ein;;olati  js'ssono  portnrc 
a  bordo  elemeati  <li  eiajjolo  o,  addiriltam,  tui  cinpolo  inleio  di  riiMnibio, 
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Xaturiilmontc,  nooanto  a  taiitl  >l  <-iii<roIo  l»a  aiu-ora  i  nuim-msi  difotti 

cFie  lui  iiu'sso  Kia  iii  I'vidoiiza  nvllt*  iirinu*  di  qiu-sto  st-i  itfo  c  olie  ocror- 

rora  (‘liininan-  od  attomian?. 

Si  pin'i  diw,  n  tide  ri^tiiiinlo.  eh*-  il  einfjidd  e  ancura  iiellii  siia  infiiiizia, 
eonit-  lo  entiio  le  iiiotc  di  lejiin*  •*  di  nietnllo,  di  se<-oIi  I'a. 

K'  iiidiililiio  ehe  -eJiza  radozioiie  d»  i  piieiiinatiei.  »li  aiitoiiM  /y.i  odii  rni  non 
osistorelibero.  K  nes-suno  de^li  iiillnili  tviitntiii  tesi  a  sostitiiirc  i  jnu-uinatiei 
eon  siiluzioni  iiie«-eanielip,  fia  nial  ?*iuiei-ati»  le  >a>};hV  dei  soeiii  doniti. 

Mil  ad  oi;j;i  la  lezioiie  non  e  .S4*rvita  iiei  rijnnirdi  dei  eineoli  i  lie  p<  i-se<;iiono, 
pill  o  nii'iio.  la  stradii  delle  si»ln/.i<ini  iu*‘ee;inielit*.  Mtilli  feiitiitivi  sono  sliiti  fatti, 
sostitueiido  eon  niote  pn«-uniiilielie  le  rni>le  nietallii-lie  sulle  qindi  eorie  il 
eiii^'iilo,  e  niolli  soiio  stati  "li  slinll  e  le  n-alizziizioiii  in  ai-<:<>iiinito. 

Ma  il  eineolo  vero  e  pi-oprio  *•  rimasto.  l‘ond;nnenlalniente,  si  itijne  iiietiiMico, 
eoinplisso  e  pi  siinle  e  di  iaipie^o  n«»n  sempliee. 

Se  poi  ;i  qiiesto  si  a>;;iinnKe  i|Me!rilii  i*I«)  ili  i  inezzi  seiiii-i  inj’oliiti  rlie  ai . 
ditVtti  di  iiii|iie)io  di'i  I'iiieiili.  ii^;:iiin.eo>)4>  i|iii'lli  delle  niote  ^fossati,  Inielio, 
earieu  eoin'eiitnito  siil  tern'iio.  ineflieh-nza  dir»'zion;de,  eee.l,  e  e  <l:i  dispeiiirc 
die  il  piohleina.  idineno  »lid  piildo  ili  vista  inilitaie  ver.iineiite  aii>roseioso. 
jieiivi  ail  ‘.iii.i  soliizioiu*  eoreetta. 

1,0  sti'sso  avvi.  ne  I'ee  il  «leeoll«»  e«l  .illeir;i;'io  de^di  iieiei  elie,  SO  por  degli 
aeni  d;i  eaeeiii  piio  essei-e  lisolio  eon  l;i  paetonza  vertie, -do,  non  risoho  sonsji- 
tiunnile  qitello  non  nieiio  iiii|ioitiinte  e  non  ineiio  grave  «legli  jien  i  da  1  ri.spoito. 

Ill  unit  guerni  lutuia  itii  i  pfind  oi*it>ttivi  dii  eolpiiv  ei  siimniio  le  jiiste  di 
iiivolo,  (liiiiiieggiide  le  ijiudi  siita  inutile  poss^alere  gli  iierei  <la  trjisporto. 

!■;  non  sjiraiino  eeitiiinente  gli  elinittei-i.  stiii«it.ie  ie;ilizziizioiii  del  gi'iiio 
iiinaiio,  nia  iiulitiiriiK-nte  seiiza  tiil’esii.  a  risolvei'o  il  pwlileina  dei  lr:is[)oi'ti  in 
tempo  di  giiorra. 

11  eusl  per  i  M'itstli  tern-sli'i  «*  eisdia  assolntJi  je-nsiire  <li  nliliz/.ai'e  gli 
iiiiniiiiezzi  odierid  su  riioie,  atli  solo  jn-r  impiego  sir.nliile.  I''r;i  le  distrn/.ioni 
del  jiuiiti,  liuiidiiirdameiit i  .leiei.  inissilisi iei,  mil r;igliaiiienti  e  lit  giierra  iiaiti- 
giaiia,  le  sirade  <liverr;mno  inservibili. 

Il  alloi  H  lo  jieiiso  ('he  il  eingolo  ^tia  sid'eiulo,  slorieiimento.  h*  sti.'sse  vieemle 
ilella  rnotii :  nata  rigida,  eei-eliialii  eon  miilei  iaie  mm  elasiieo.  ha  siihito  la 
priiiiii,  romlaineiitale  tiiisrormaziiim'.  verso  il  ISTO.  (jimiido,  liileiidosi  della 
seoperla  delle  (plidita  della  goiiiiim.  si  eomiiieio  a  rieoinire  il  eerehioiie  nutallieo 
eon  gommii  ]>iena. 

Nel  ISJsS  .).  n.  hiiidop  lento.  p'‘i’  primo  nni  siieeesso,  la  sost i: nziune  della 
goiimi.'i  pieiia  eon  nil  tiiho  di  eomimi  ehiiiso  ;id  anello  e  gonfialo  run  1  jiiia  o 
lo  appliei'i  iille  riioP-  ilel  trieielo  di-l  Hglio,  il  ipiale  pole.  giovaiuUisi  di  (iiicsla 
aiiplirazioiie.  vineere  tulle  !»■  eors*’,  |h*«'  trieu'li.  alle  ipuli  prese  parte  in 
ipiegli  anni, 

(Jiiesta  I'll  iina  rivehizione  ehe  llni  i«  i‘  s< oiivolecre  l;i  eomjdessa  arehitettnra 
dogli  antoieieoii. 

Questn  hreve  sloeia  della  iilota.  alia  ijiiale  la  pneiiinatieita  ha  si-alancalo 
la  porta  al  I’ih  foi  ntidahile  sviliippo  e  ]H-n'ezioiiamenlo  dei  niczzi  di  loeoino/ione, 
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nvnMn-  iMir  iloviiln  r.s,si'rf  iiiiii  »■  pii/.Kisa  lu'l  ilaiv,  alnu-im,  \in 

iiiiiirizzo  auli  ilri 

Invi'fi'  (|iii’sto  null  *'•  avviMinto. 

II  cin;fi)lo  V  iiato  raccc-anim.  <  on  jtiasno  niotalllclu'  inia  i  iiiri  ato  I’ra  loro. 

In  nil  sia'oiiilo  sojnaltiilto  )H'r  consciM iri’  ai  nuv./i  riti'^olali  di 

cii'colaiv  silllo  slnnlo.  chi'  ilallr  piastfo  nu'lallicln-  vi  nivaiui  jiianoniriitt'  doto- 
rioratc,  Hiroim  rii-oprrli‘  da  nna  siipri-iudi'  ili  ;runima  piriia. 
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hn  mill  luMtii  r  |irr<'is;i  l•llnvill/,i<l^l•,  siiH  r;i;jjit:i  irilli'  int>llc]ilii’i  I'spi'i'iiMizi' 
romiiiiiti’,  i'  i-lii’  iiiV'.sun;!  soluziuiu-  pi*lr;i.  vor.-muiili',  il  I'lmzionjinu'iito 

«1ol  so  ipiost!)  riiiiiino  roiidiinii  nliilmonti'  o  Nlnitliir.ilnionti'  iiiiroia  (pioUi) 

<li  ”>0  aiiiii  fn  ;  nift.illion.  iiiroiMnioo.  a  oaloiia,  a  pia>li<'.  ooo. 

AlTorinn  olio  rnnioa  sulu/.ioiu'  possiliiK-  o  alia  (pialo,  ratalmoiito,  si  finirrt 
l>or  >:iiin>roro.  o  ipiolla  di  passaro  ilallo  altuali  slniltiiro  inoiallioho,  disconlinno, 
a  slrnlliiro  piiomnatiolio  •■onlinuo,  lal  o  in  ipiosia  iliioziinio  olio  (lohlnnio  ossoro 


iiuliri//aii  ^li  slmli  iht  r'  ilvt'io  il  {jr.ivo  piDhli  laa  il(  lla  (■tn;;<iliitura  dt  gli 
auliniu'/./.i  fiuifi  stiiiila,  te.  .ri  i-cl  ja'ivi. 

I'm  ciMf'olo  iiMriiinaticM,  por  iisi  :l<•^rtllallf ici,  "ia  caste  nl  «'  stato  <Ia  me 
roaii/./.ato  ml  fdiimiMi  ict-nic-o  lU-ILi  €  Pirelli  ».  lla  stipeiatj.  mu  pieno  smcccsso, 
la  fiiso  speriMieiitalo  e  le  prov«-  praticlie  e«l  e  stale*  rniithinnnili  omulofiolo  dal 
comprtnitt  Hifiist ro  Aironnutuo  Ihiliiiiiu  12.  14.  l.'».  16). 

Tale  eiiijitilo,  «1eininiiiialt»  «  einv.'<il<»  pneuinat icD  li.seiti  I'nimiartiMi »,  «'•  oosti- 
tiiito  da  MM  IuIki  eliiusii  <li  iiiateriale  llessihilr  (•'oiniiia  tclatai.  niMMitii  di  hatti- 
slrail.M  snll:i  siipcrlieie  ilm  sale  esti-nia.  ed  arniato  e-on  ihio  sotiili  Irecee  iiietalli.'’he 
eiiiuso,  iKssihili  in.-i  imii  e  si.-iiililiili  aimi‘;:ate  ju  i  liaiielii  <1<  1  tiilx*. 
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Nmaemsi  aeiei  li"m-ri  liaiiiin  vuiain  enn  cai  reili  nuiiiiii  lii  silTatti  <  einj^oli 
inieuinaliei  lisei  »  e  ilalu  il  earin*  unilarin  siil  tei  reiiii  di  >iili  'iDO  trr.  einq. 
liaiiMo  av\ilii  la  possiliilita  di  parliie  ed  atlen’.ire  iu>rir>alint'iite,  seii/.a  aleim 
i:ieiir.\ iiiieMte,  su  eani|ii  arali  e  suleati  tia  I'ussi  n  .-jii  spia;:'.:i'  marine  saldiinse, 
a  \eliieila  uormale  di  ileeollo  eil  arrivo  tlifr.  17.  IS,  IH.  20,  21). 

I’ei'  la  sn:i  I'streaia  sei)i  ievide/./.a,  iindtre.  il  «  einj^oln  pneiimalieo  lis<'io 
non  jillimna  il  peii'in-.M*  normal)-  iii  rulla>;"i)',  ele'll'iuvo  e  airalh-rra^nio  vinee  il 
Mio  mtenieiitt*  ili  iiieiv.ia  sen/;a  il)»ver  rieonvre  ad  nii  preavviamento  elol 
einoolo  ste-sso. 

I’ei-  !'li  a)-rei  ili  p)-so  rili'\ ;iiit)-  il  prol)li'ma  e  vliM-rso ;  piu  I'aeili,-  e  piti 
diflieili-. 

Occiirr)-  iiiqnailrarlo,  slmliarlo.  i-spi-rimiiitarlo  .i  oiauli  se-n/.a  statieai-si. 

I /')il)!)  t  t  ivo  ne  val)'  la  pena. 

t:li  sil  ssi  liilxilari  lisi-i  (lio.  22)  po.isoi'o  (‘ssrri-  impie^iali  sn  w-it-oli  lerrestii 
in  s(istil)i/.iiine  elelle  imi'inali  eati  narie.  1','  owio  e-lu-  in  ipn-sto  )-aso  sia  la  i>ailc 
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vciitrnlc  clio  In  jinilr  tlurs.ilv  i Itni I isi nuIiO  ilnvrniuio  tssiiv  opj'iniuiinmcnte 
I'infiirznlo  o  lonfitruiMtr  in  t'nnzioin-  ilol  Imo  ilhoiso 

(Hi  stvssi  tnliiil.ii’i  svinprc  i  su  vcictili  tcrn.stii  i‘  nuxlitirnti  in 

pnrtieolniv  miHo  linitcnl.'.  iinpi  ^.-iinli  rntn)  oppurtmi.-  nioto  mod-ioi  .-i  }:ola 
(fonnatr  ilii  llniifrio  <list:iny.iiil>'  (•■.■i  lorn  i'  liln-i't'  iu-11  int«'riu>  pi'r  1o  stogo 

<lol  Xiinni)  o  tli'llii  iii'Vfl.  posNoiio  l(ivi>r:uv  n  1 1 n/iniif,  <iiiiipi)rt;in- 

Hosi  conu'  luiriiiiili  I'in^iliiv  »li  ll■.•l^ll!i^>si^)nl■  ( irlt.injiiilnii  o  ( r.ipivoiilnli). 


R’  i>r(\Miiiiil)ili’  <!h*  :nii«n-  inc^Iio  si  vontpoiltT;uwiii  i  litliul.iri  :i  sujxifiiio 
uiuliiliila,  jriju’i'ln'-  It-  Imu  onilnla/ioiii  vi-nirali  s«im)  inollo  adalli'  ad  «  inijio- 
"naixi  »  I'oii  i  ilci.li  »li  itpjmrtaiic  nmtr  di  uialr  iiinlrici.  (^luv-ii  lin^r'di  jinniiiia- 
lioi  oiidulati,  soiio  inalto  siiaili  .1  <pu-lli  pm-i ilaiihiiu'nti*  I'nsiiiiii  o  runii'a 
diftVn‘li/'n  .sii.slaii/.ialr  iit-l  I'alto  <-lic  il  Hiho  rliiiiso  ili  niah'rialo 

llcssiliilo,  flic  Ilf  cosliluiM-i'  rflfHU'iito  I’diidanifiil.ilc.  iniii  i'-  a  sapfificif  lisi'ia, 
bfiisi  tiiidulaln. 


ir»4  — 


CoDU'  «•  fjtfili' «'()mpi-«-n«!civ  iii  sum  p.-irtitcilinv  sti  utliUM  pcruu-tto  la  inassima 
fli'^sibilita  <•*!  «  avvol^ril.-ilita  .»  atliinio  jillo  niulc  j.niida  c  inotrii-i,  aiichc  so  di 
dianx'tru  lidutto  o  iinlipi  ixli  iih  im  ntr  iluihi  iin  ssimii-  inlini'i  <1i  </otif iii<iqio. 
Vj'  (jiU'sto  il  printo  niid  VMiilavKin  rispcHo  al  i  * iil)ol;iii‘  lisi-io>. 

1']’  oliiaro,  iiiolti'O.  olio  jior  i-ru-lto  ilt  lia  sum  rtnii.  i  iMuliilata.  riin[>oitanza 


•U'irist*‘iTsi  tK-lln  f'oniriTa  vicrio  fortcnH-riU'  rhhptta  i*  iioi'sJo  a  tutto  \'aiitaggto 
»lfllo  alto  Vfl<K-ita. 

Xi“iriiii|iii-go  lonvsti'o,  ]>ai'ti<-i>1ari‘  xanlaggio  dol  oiiigoli)  oiuhilato  su 
i|tii'llo  li.soii),  rijiisistc  ni'l  I'attti  olio  <s.s<»  si  pi'i'sta  assiii  Innu  a  sostoniTo  rilovunti 
sfor/i  di  tra/iuDo. 

Infalti.  jirr  la  sua  iiarliisilai-*'  l■(lllf<•rll1a/i<)llc,  sidla  parte-  dorsalo  'ostortio) 
lo  0Milidazii)ni  luniitc  di  liallistiada,  sirsoiio  aiiilio  da  pinno  di 

aggrajipanii'Mtii.  in  ipiaiitti  nionlinio  il  tcir'-nii,  iiit'iilro  lu-lla  parto  vontrale 
(inlfi-iia)  i  snlclii  Ira  iitia  oii.lidazioiii-  »•  l  allra.  scrvnno.  como  par  iiiia  cati-iiaria 
t I'adi/uinalr.  ili  a”^rappaini-iit<i  alia  ruiila  di  iilata  nintrico. 

I  vaiiiaL'iri  olVi-rli  dairiiiipi<-<;o  del  eiiiei)li)  pin  iiiiiatieo  saraiiiii)  veraineiitc 
lloU’Vnli  o  tali  ila  l•<>lll|•^■ltsa|■|•,  lai'eaMieiile,  le  Cal  idle  della  lui-ii  iiiessa  a  puiito. 

All/itnili)  le  I•e|•nier0  I-Iie  e,isli|iiise<inii  releniellli)  pin  di  lieato  i'd  iiupor- 
lailte  del  eiiieoli  atliiali.  spariseiiiui  eiiiiiplelaiaeiile  e,  eon  loro,  i  relalivi  dil'etli 
di  rajiida  iisiira.  di  assorltinieiiln  di  eiiei-;;ia.  per  atirito.  di  Cim'/.ioiiamento  a 
M'atti  o  niai'Iellalite.  a  llitlii  xalila^^in  <lel  inaeoii)r  reiidiiiielitu  ilella  niaechina 
ipiindi,  inae;.:ior  poteiiza  a  disposiziune  )ier  1  iinpiego,  niinort*  eoiiMiiiio  e 
itiiiHiri  sipste  per  ripaia/.ioiii. 

liiollri.  il  inaiei'iale  eoslilnli-.o  ili  iin  eineolo  jnienmat ico  e  di  gran  liniga 
l>iu  leggero  di  ipn-llo  degli  ordinari  eingoli;  perlanto  i  \eieoli  eiiigulnti  piuni- 
inatiei  sarainio  assai  piii  leggeri  <lei  eingoli  atlnali. 

.N'on  solo,  ina  seeondo  il  rapimrto  priina  aeeennalo,  (ra  s\  ilnppo  rnota  e 
oiiignlo,  il  eingolo  pneiiin.itieo  sani  di  gran  hiiiga  pin  leggeio  di  una  ruota 
oiiunno  <1  di  pin  inole  adalle  ad  idi-nliea  presta/'.ione  del  eingolo. 

II  peso  ininore.  olire  a  pernietiere  nn  pin  liasso  earieo  nnitario,  sigiiitica 
aiielie  Mil  minor  eusio  di  pro.lu/.ioiie.  t^uesio  jiortera,  tpiimli,  ad  nn  minor 
oostn  di  ai-(iuisto  «•  <li  eserei/iio.  iKielie  e  ehiaio  elie  i  iMliolari  prndolli  .sii  larga. 
s»  rii‘  verranno  a  eesiare  nieito  del  eingolo  melallieo  t radi/.ioiiale,  eoinjiosto  iH 
innninerevoli  ])arti. 

Iiiolire,  i-oiiie  esefei/io.  il  eosio  doxielilie  essei’e.  sc  non  ininore,  almeno 
u.2riali-  n  ipiello  delle  rimle  in  Cniizione  d<  1  minor  earieo  nnitario  da  sopjiortnre. 

III  eoiisegiieiiza.  poi,  di  ipieslo  minor  earieo  nnitario,  i  tuliolari  .saranno 
di  una  iiiaggiore  diirata  e  di  iliflieile  ]>x-ri’oi-aziono. 

tjiii  \a  sol 'niinealo  il  I'allo  ehe  il  rieandiio  del  eingolo  tuliolare  e  faeilissimo 
V  elie  e  po.ssiliile  portare  .snlla  maeehina.  per  il  siio  hasso  jn-so  e  il  poeo  ingoinbro, 
Vox ent mile  rieambio. 

II  pi-oliIeina  delle  alte  viloeila.  dirtiiilinenie  soliibile  eon  gli  atlnali  eingoli 
a  eateiia,  x  ieiie  aniomai ieaiiieiile  rispilto  dai  eingoli  tuliolari  jineniaiitiei. 

Aliro  xantaggio  preseiitalo  dal  tulhiliii-e  eoirngato,  iinpiegato  su  earrelli 
xU  iitterniggio  jier  aerei,  e  ipiello  di  .-iddoieire  rimptitio  eol  ten-eiio  in  I'nnzione 
didla  sua  I'oriiiii.  Iiioltre  le  sue  ondnia/.ioni  aiiulari  si  iiresi-ntano  ;il  coiitatiO 
sul  lerreiio,  in  ]trogre.ssione  nnmeiiea  lli-uendosi  aH'iiidietro  rispetlo  al  senso 
.ii  nioto,  reiideiido  meiio  violeiito  I'avviaineiito  del  eingolo  stesso, 

Vii,  altresi  deiui  I'lie  sill'atii  eingedi.  graz.ie  alia  I’orimi  arrotondata  nol 
loro  battisirada,  si  apriraiino  antoinalieameiite  la  strada  nel  tango  o  nellii 


iicvi',  coil  in)i;:i:iiiiv  I'iicilita  iloi  a  piastre  iTtlaii“ol2i-i  o  die  latluale 

forte  nnmtre  ilei  iiie//.i  eiiif'olati  siiiii,  ovdiiiiiento,  tlel  tiUtu  eliniiiinto. 

A  <|iicsto  jiroposito  I'll  .sliuH  del  tieiierale  tiarlKiri  siil'a  n^isti-eza  al 
inoviineiito  dei  eeleoli  a  mote  sn  ti‘rrt‘110  is-devole,  «mi>  ioii<IanieiitalL 

III  peiiso  elie  riai|>iei:u  di  diie  tul>ii]ari  afKaiienti  iippiirtuiianieate  dLstan- 
/.iati  fra  di  loro,  iiiiulioreielilh'  idlerioriaeiili'  il  iialliXpr^Uiau-nto  dd  veioolo. 

Itiolire  1e  jiiiiiie  ili  a<;i:ra|ipaniento  in  ;r<>iaiiin  iid  tulxilart'  pneiiniutieo, 
rtdnrnMiem  1  amimido  del  liTrerai  sidlo  stessir. 

Citiv  a  eio  till  dii|;:il(i  tiiliolai'e  isirmuatn  piieiiniatu-u.  {mti-iido  avvoluei'si 
eon  I'nrilita  sidle  nmle  ]>ortanti.  ipieste  iioiiaiiiio  essi-is-  ridotte  di  diimietro 
eon  eoliseeui'iite  ridll/ioiie  di  iii<;iiin1)ro.  ill  peso  e  di  eoslu. 

I\'r  <'oiii|ilelare  ipiesto  rapido  paiiiiraiiia  del  fiiii/ioitaiiieiito  dd  einjiolo 
jiiieiiaialieo.  ei  resta  sollaiilo  da  dire  due  jiarole  sid  lom  eninjiortaineiito  in 
eiirva  e  iielli'  ernlii/ioiii. 

Doliliiaiiio  aiiziliitto  iiolare,  a  tale  rieiiardo.  die  le  ^•ontiIl^o  jdwilc  varia- 
z.intii  dMlirezioiie  die,  iiu  vitaliiliiieiite.  si  verifieaiio  aiidie  iidla  iiiaifia  retlilinoa, 
verraiiiio  assorliite  diilla  inieiiiiiat ieila  e  llessiliilitii  dd  iiilinlare  piieiiai.ilieo. 

Ndle  forli  variazioni  di  direz.ioiie.  itiveee.  saraiiiio  iiii-\  italiili  }rli  striscla- 
iiionti  dei  eiiieoli  sill  teireiio,  I'oii  eonse^'iieiile  altrilo  radeiite;  il  prolileiiia  s:ira, 
]K-ro,  iiieiio  draiiiiiiatieo  elie  non  iiel  easu  dei  ein^oli  nntal1ii-i.  erazie  a1  minor 
peso  dei  eineoli  e,  ipiindi,  dd  earieo  unitario  siil  terreiio  e  erazie  alia  forma 
arrotoiidata  dei  tiaiielii  dei  eiiiiroli  slessi.  i  lie,  ovviaiiieiite.  faeilita  il  loro  sposta- 
ineiito  tiiisvei-salc. 

liitiiu,  iliiraiite  le  evoluz.ioni,  il  eiiieolo  tciide  n  tom-rsi  sn  se  .sles.so.  ma 
eoine  rinipieeo  aeroiianlieo  lia  iria  aiiipiainente  diiiiostrato.  ia!i  feiionieiii  torsio- 
nidi  vi'iieono  I'reiiati  <Ialle  fnni  laterali  di  irrieidiiiieiilo.  niauteiiute  distniiz.iatc 
didlii  pressioiie  iiiternii  del  jinenmat ieo  elie  svalj-e,  peiianto.  anelie  (piesto 
iillerioro,  iiiipoiliuite  eonipilo.  indispeiisaliile  al  Inion  eiim)K>r:anienlo  del  ein<;olo 
durante  li'  evolnzioni. 

llo  i-osi  terininato  la  iniii  esposizimie  ;  essa  e  slata  forz-ifameiite  breve,  nia 
spero  elie  al'liia  siilfieienteiiiente  lniiief>f;iiito  i  iniei  eon vineiineiiti. 

lo  ■;iiernio  elie  le  jiiii  belle  paeiiie  della  storia  dei  ein;:i>'.i  atti-iidoiio  fineora 
di  I’.ssere  seritte. 

< 'oine  la  nioia  e  il  mezzo  idimeo  jier  iiiiioversi  snlln  straiia.  eosi  il  eiii'rolo 
e  lo  striiiiieiito  jiii'i  adallo  J'er  eiretdaie  I’liori  slrada;  e  come  la  riiota  slr.^^^alc 
lia  assiinto  la  sna  ve.sle  ■Idinitiva  .ailto  I'orma  di  riiota  ;;i>iiiniata  ]>neiiiiiatica, 
eo.si  le  stnitliire  eiiipoliile  si  trasl'ornieraiino  in  tonne  |in-niMatiebe  e,  allora, 
ineiitre  la  riiota  restera  aiirorata  .d  solo  iin)iie;zo  stradale,  il  i-ineidu  piu'iiinatieo 
•Sara  I’linieo,  vero  ini'Z.zo  atto  a  eoiiseiilire  la  \iabitiia  di-jili  aiiloiiiezai  su  strada 
c  fiiori  strada. 

lln  riteinito  ntiie  ria.ssiiniere,  il  pin  Ineveiiunte  ptxs^ibile.  lo  wndnsioiii 
alle  ipiali  suim  arrivalo  dopo  treiitaeiiKpie  imni  di  .stndi  tsl  esperu-nze  diffieili, 
eostose  e.  sppsso,  aiielie  perieolose,  eon  ran^iirio  ebe  la  inia  iinnianc  fatiea 
iiitelletliiale,  iiiiiteriale  e  rinanz.iarin,  possa  .servile  a  ipiaiiti  credono,  sineera- 
iiiente  e  fattivaiiiente  nd  proj;resso,  ed  il  eiii  intelU'tto,  eiieryia  e  eorapipio, 


—  jr.7 


SOHO  tosi  III)  oliii'ttivo  ^ramliuso  ili  pieman*  il  iiuovo,  {jraiule  st-hiiiva  di'II’iiomo: 
« il  iiHitoiv  a  cnnilmstioDo  iiitmia  »,  all'inipi(‘;!i>  ilei  laezzi  niotorizzaii,  non 
solo  sullc  sti-adr  •nl  alio  si-nipie  pin  piste  di  decollo  e  di  attorrnggk) 

dcgli  ii'.'ivi.  Ilia  iillf  piu  atiipie  vie  dot  iiioiido. 


/>  /  N  C  U  S  S  t  O  X  S 


J.  REMTJS.  —  Ji‘  vmiilrais  '•impleiiM-iii  {himi  iiiif  <|iii'sti)iii  (pii  in'a  rii'  iiispirce 
par  la  Icriurr  ilr>  (lillt'n-nli's  i-t  <!«•  puhlilimtions  aiiirTioiirps  ilii  C»>nite 

liiiiiniartiiii.  ilniii  j'ai  cii  riMiastmi  ile  'iiivn*  li*s  Iravnnx  ilcjh  •li-joiis  plnsiciir  nniiiVa. 
(."fsl  a  ]irii|)iis  ill'  la  rlu'iiille  liiliiilaire  iilili-s't*  nii">i  liieii  >iir  ilrs  vi'liiiules  ajjricoles 
<pK'  siir  iIt'  liaiii"  ir;illt'i'ri'r-:i<;<'  iruvioti.  M.  I'>••lllllanil■i  •'i>n>1aiiiii('  I'eiiipliii  itii  ]>iioiiniii- 
tiiiuo.  4'ii  ilrlmrs  ilts  rnuii'^.  ipii  tii'iiiipiictf  nil  prii  jMiiir  iiion  avniir  iicr-sitincl  iiiais 
i-i'i'i  I'.'l  uiio  antic  ijiiC'liim.  .!»•  vmiilrai'  >iiti|ilcinciil  ijii’il  )iiit.i~e  innrs  prcciscr,  ct  )>cut 
cl  re  jc  ci'iiis  i|iic  licaiit'iiu|>  11*11111  rc.'i  aitrmK  la  incinc  inviHs-iipiil  inn,  i  tiinincnt  a  pnrtir 
iruiic  icilainc  \lli-v-c  Mir  Ic  |iii<'iniiatii|nc  Inliiilniro  li>M*  on  tiiciiio  oinlulc,  on  pout 
eviter  la  inrinaiiiiii  iruiic  mulo  dc  rcroiilcincnl  lorMpi'iin  ^IcpaxM'  niic  ccrtainc  viti-ssc. 
('e  |»riili!cinc  t'.si'lc  ilcjii  Mir  Ic  piicnnialii|nc.  on  Ic  loiiMalc  I'li  iinrlniilicr  jiraic  a 
I’analy^c  ultra iilinlo'^nipliiiitio,  iiiiiis  jc  one  ilaiis  Ic  la-*  ilc  la  ilicnillc  lulinlaire 

cc  piolilcmc  iloil  circ  cimirc  Iicalicolip  pills  vrnixe. 

L.  AMICI.  —  Uiiruaiilo  ili  tViluniciii  ili  oinla  iliiiainicn  die  si  miistatniio  sul 
pnciimatiio  liiM'Ciicrclilic  dire  clic  si  e  nii  po*  c>ai:cratii.  Aiiziliitln  si  soiio  vistc 
.spc..v>i.ssimii  in  pulddica/ioiii  Uciiiilic,  rotir'ralic  ili  oiidc  dinaiMidie  pcn'i  .'ii  rnoln-stnida 
c  non  SM  si  r;ida.  Siiio  ad  ora  iicssuiio  lin  inisiirato  Ic  mule  dinainidic  'ii  strniln. 
.'sii  niolii-'l rada  dal;i  la  curvatniii  «li  ipicsi'iiiliiiia  e  pin  I'aialc  die  si  vcrilidiino. 
I’ridiiiliiliiiciilc  Miiiii  Mii'iliili  ill  rciil!;i  'olo  in  )iiiciniiiil ii-i  da  isirsa  per  vdocilii  oltrc  i 
■JOi)  kill  all'ora. 

Nd  riisu  ilci  iiii'_'idi  Iluiiioarliiii  per  applicazimii  siradali.  credo  die  ruiiira  risjKisIn 
possiliilo  sia  ipicsiii :  prana  iispcti iiiiiio  di  tare  i  l  iio^oli  ihc  \aiiiio  a  'iOO  kiii/ora  c  poi 
si  vcdr.'i.  I’l  r  oia  irli  dilclli\i  muio  iin  jmi’  piii  iiiiulcsti;  ci  aici>ii1ciiliaiiu>  di  iiiularo 
a  SO  kiii/iM;i.  I'rcdo  die  il  I'oiitc  Uoiiinnrtiiii  sin  d’acroido.  |>li  sciriialii  die  c  iracinrilo 
aU'SO  e  (|nc'lo  vind  dii'c  die  vnole  .iiidaic  a  lIM)  kiii/oni). 

C'i  snnii  iutlnldiiaiiu'iilc  i  pciiiidi  di  nii'oiida  ili  «  rcroiilcinciit  s  enme  dii  ovn 
.\I.  Hciniis,  I’ciii  ci  sniiii  aiidic  molti  iiuhIi  jM'r  louilialtcrli  su  ciii  c  iiiiitilc  ndesM* 
i!iliiii‘.rarsi.  Allndo  :nl  csciiipiu  a  cicincnii  riiilor/ali  di  li|H»  loinritiidiiialc.  lailriiiulu 
nil  pi)'  nclla  nil'l  l  anil  ;i  del  pm  miinl  ico,  inlli  .miiiiui  die  csi-lomi  i  piii  iiiiiatici  di  lii>o 
radiiilc,  line  piiciMiiatici  miiniti  .al  ili  'olto  del  li.illi'trailii  di  lili  loiiL'itildinali,  con 
cariassa  railialc.  din  i  ciiiiroli  Hniiiiinr iiii.  e  non  credo  s\dare  ncssnn  inistcro,  snno 
I'iilli  con  lili  csiliisi\ iiimiite  ladinli,  senzn  nlciin  rinrorzo  liin<;iliuliiialc.  die  per  ora 
luimio  dali)  otliini  risultnli  n  Inlli  "li  cirilti.  cioi-  iiiidic  ai;li  ciVctli  di  dcciilln  csl  nllcr- 
ra^riiio  dove  Ic  sollcrita/.ioiii  liiiiuitnilinati  smio  iililiiisinii/.n  irravi.  I’er  ora  i  c  raliliiaino 
I'iitlu  fscliisii  iiiMciite  coll  lili  radiali.  Siiiiiin  proiili  cvidi  iitciiicnlc  a  iiitroilnrrc  rinl’orzi 
ed  am  lie  i'.iiirola/.ioiii  dd  lili  c  dii  sa  ipiali  allrc  diavolcric.  C'c  no  sniui  umllc  a  dispo- 
fi/.iotic  dci  ti’i'iiici.  In  cimdiisionc  iiiiii  sininu  per  nienle  iiitiniorili  dal  prnbiciiia  del 
«  rct'ciuli'ineiit  ». 
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Land  factors  and  vehicle  design 
in  operations  on  organic  terrain 

Caratteristiclie  del  terreno  e  stnittura  del  veicolo 
operante  su  terreno  organico 

Nokmax  W.  I{ai>koi<tii,  1'.  It.  S.  *) 


ABSTRACT.  —  It  is  illustrated  and  erplained  that  structural  features  of  peaty 
terrain  are  cosmic  as  to  arrangement.  This  phenomenon  accounts  for  the  presence  of 
terrain  conditions  that  are  characteristic  and  predictable  on  inspection  from  the 
ground  Or  the  air. 

The  majority  of  these  conditions  Hand  factors)  have  primary  significance  in 
relation  to  basic  design  of  rehicles  intended  for  operations  on  organic  terrain,  hut 
compensation  for  them  is  usually  tacking.  The  conditions  are  dr.scrihed  and  it  (J  Indicated 
how  they  limit  the  performance  of  rehicles  of  modern  design. 

By  application  of  aerial  sun-ey  methods  the  frequency,  sequence  and  arrangement 
of  land  factors  in  a  given  trarerse  are  conveyed  and  related  to  vehicle  resporse. 

It  is  wfU  otjihiisliiHl  tha:  siMnrssi'ul  vi  liicul.ir  iiioliility  on  .snil.s  omi  ho 
«'N|u>cU‘ir only  if  jniniiiu-tfi's  aiv  i)i-rtini*n(  to  soil  ivlations  as  well  as 

to  nirohaiiical  ininciplo  iiili<-rriit  in  vcliiclo  ron.st ni<  l ion.  TIumo  is  a  tliird 
factor  that  is  Kasic.  tlio  nature  of  ilu*  opr-ialions  for  \cliich  the  vehicle  is 
rcqninsl.  Tin-  writer  holds  tlie  view  that  tlie  most  imjiorlaiit  factor  »)f  the  tliieo 
is  .soil.  It  Las  iniorily  in  that  it  is  already  «  dcsioned  »  .ind  the  other  factors  aio 
in  this  .seiiss-  s»Tondary  and  must  roiiforni. 

It  ••oiiLI  well  Im-  claimed  that  a  fourlli  factor,  climatic,  shonhl  have  ciiual 
in'oinincms-  ;is  to  fuiid.imcntal  si^nilicaiici-  cs))ccially  wlu  ii  water  in  eitlicr  the 
frozen  or  liqniil  j)lias»>  dm-s  so  inneli  to  modif\'  the  mechanical  resjKinso  of  soils. 

Ill  the  l.n.st  analysis  tin*  lnini;in  factor,  e.f;.  tl\e  opcf.-itor  of  the  vehicle  ma,v 
be  a  isinl rolling,  even  liinititi!;  factor  in  the  operation.  Hnf  even  the  hnnmn 
factor  is  s4S’omiary  in  the  ii-lalive  se.ile.  llis  jiid>;iin  lit  and  action  will  be 
n'vcaled  as  inlliieinssl  by  the  soil  factor  if  be  is  trained. 

TIic  primary  |H>sition  of  soil  may  be  aceejitcd,  wlicn  cvciw  tbill^:  is  consi¬ 
dered.  with  blit  one  iiualiflealion.  This  is,  that  to  jnesdibe  for  .sueeessful 
o|wralion  soil  mist  Ik*  asses.si-d  not  only  in  terms  of  meehanieal  nidiees  but 
also  in  relation  to  the  eom-ept  of  soil  iMUiie  a  enm)uinent  of  terrain.  1'liis  means 
that  tcriain.  with  s<iil  as  an  iminirtaiit  element,  is  tlie  factor  to  he  analyserl 
in  the  promin’nient  of  vehicular  dcsifrn. 

•)  Profes-er  of  Ikitnny,  Mc-ila-lcr  I’liivcrsilv,  Slniiiitlcn  Ct)llc(;i',  IlBiiiilton,  Ontario. 
Ctna<Ia. 
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Tho  ebj«fti<»n  to  this  mihv  ;tris»'  i1hwi"W  Mwt  e.xf'ioplified 

by  Bckkor  (IJl.'Si  wlio  is  justibiibly  Jioi)crul  tlwit  wc  slinll  Ito  «  Irss  cb‘|H'ii(lfnt 
oil  «m!ililafivo  “iii'liccH  ■’  atul  "factors”  of  iiiispcfiticil  <liinoiisions  >  in  Mi-king 
to  i-stablish  forimilao  lor  mobility.  If  (jualitalivi'  indites  art  adcfiiiato  particu¬ 
larly  in  lo«*ating  the  critical  aivas  in  wliich  ipiaiititativc  assessment  is  essential, 
they  are  u.M-ful.  Variation  in  terrain  character,  often  conducive  to  statistical 
expression  tKadfnrth.  l!t5Sji)  «i>u!d  conceivably  l)c  so  important  as  to 
oversliadow  pUysiii>->;»irtnctric  data  deriv«il  from  nn  a.ssnmcd  M»tl  t.vT)**-  This  is 
particiiliirly  npidicahlc  for  organic  terrain,  with  wliich  the  Author  is  coneerned, 
because  tho  tcrniin  anil  its  soil  arc  jirodiicts  of  biological  prix-esses,  the  etTects 
of  which  may  imw  Im-  jndgotl. 

The  cosmotic  state  of  organic  terrain 

On  every  continent  there  exists  a  kiiul  of  terrain  in  wliich  the  soil  is 
constitut«i1  of  fossilized  jdaiit  remains  that  acciiinniate  in  dejith  to  form  an 
organic  m.intle  ovi-r  the  mineral  subsoil.  Most  of  it  forins  at  the  on.set  of 
certain  persistent  climatic  conditions  t.\  pitied  hy  those  that  aceoin]iany  glacial 
retreat.  The  pioaiiiient  agent  c.sM-ntial  for  the  origin  of  organic  terrain  is 
water  which  is  prevalent  in  the  cnvircinnient  and  coiisisleiiily  saturates  the  soil. 

Tho  first  plants  to  colonize  the  saturated  land  did  not  totally  degeiu'rate 
following  death.  Strnetnrall.v  whole  parts  remained  in  the  gremnd  or  fell  to 
the  ground  sind  tin  y.  like  the  mineral  soil  jmi  tides,  became  saturatiil  with 
water  which  sharply  curtailed  degeiier.itiun  and  effeeted  stiuetnial  preseiwation 
indefinitely  ( fossili/al ion). 

The.se  plants  were  .sneeeediil  h.v  others  and  the  process  repeated  itself. 
Kveiitnally,  there  resulted  a  fos.silized  oi-gai.ie  la.ver  covered  b.v  a  living  layer 
of  vegetation  (fig.  This  extended  laterally  and  grndually  covered  the 

mineral  snl»la.v<T. 

Cedonizatiou  was  not  nniformly  incident  'riierefuro,  the  organic  innntlc 
was  at  first  matkedly  disVuiitiil. 

The  prucc.ss  of  accnmulation  persisted.  As  the  organic  layer  inciTa.sed 
ill  depth,  lateral  -pread  al.so  increased  until  patches  of  the  organic  mantle 
became  eontiguoiis.  In  several  areas  of  the  earlb's  .surfaee  o.g.,  in  Northern 
Panada,  the  organic  cover  is  eoiitinnons  for  several  hnmlred  miles  in  .several 
direetion.s  ami  often  in  depths  exceeding  "lO  feet  (fig.  ’2).  Where  interrui>tions 
oecnr  they  atv  M'l-oiidary  as  far  as  rharaeterizai ion  of  the  main  land  surfaee 
is  coneeriu'il. 

It  has  Ikvii  suggested  that  eolouization  takes  )daee  in  a  eonsistenlly  and 
persistently  wet  eiivironnient.  This  ciuidilioii  is  t.vidfied  in  fig.  2.  If  the  water 
factor  prevails,  aceamulation  generates  on  all  l.'l'es  of  mineral  soil.  Indeed 
it  may  occur  over  water  or  over  hare  rock  where  no  soil  o.sists.  Where  .snhleycr 
constitution  changes  there  are  accompanying  diaiige.s  in  rate  of  aeeumnlation 
and  con.seipieiitly  depth.  If  there  is  a  distributional  efl’cet  in  sublayer  t.vpes, 
dejifh  variability  in  the  organic  overburden  will  eonforin. 


Viiriahility  in  :uTiiniiiliitii»n  also  iM'Pun  in  n*s|H>n}W  to  a  gpomorphip 
factor.  Till'  aft’(‘ct  of  tliis  factor  has  In'cn  JissntliHl  at  length  elsewhere  (Kadforth, 
In  2>rc.v.<).  It  is  tliroti^li  this  factor  that  tuiNioraphie  variability  arlst's  in  the 
organic  mantle.  In  this  »Tcs]M'ct  variability  may  <H-cur  as  a  n'sult  of  irregularity 
in  the  mineral  sublayer  (fig.  4).  On  the  other  hand,  it  may  be  onu.scd  bj' 
difference  and  irregularity  in  ice  pattern.  It  may  also  arise  fur  hydrological 


Fig.  .1. 


reasons.  I'inally,  (iilVereiice  in  . . .  mte  and  <’onstitnlion:il  proiurties 

of  the  organic  matter  ilsilf  may  iiuliiee  topogiaphic  din’ereiice  (cf.  fig.s.  5, 
6,  7,  8). 

Variability  in  organic  terrain  is  apjuveiateil  at  onee  by  the  observer 
who  inspeets  tlie  terrain  first  hand  for  even  the  tir.st  time.  The  rea.son  that 
someone  iint laiiied  can  deteet  ililVerenee  is  largely  not  beeans<‘  of  topographic 
variation  hut  becau.si'  of  vnri.ation  rclleefed  in  vegetal  cover,  —  the  living 
component  of  tlie  organic  mantle.  When  the  observer  is  nskctl  to  e.\pn*ss 
wliiit  he  sees,  he  usually  answers  in  terms  of  stimetmal  Valin's.  In  other 
words,  V4'getnl  cover  in  i>iu>  area  of  iirganie  terrain  is  ehar;ieteriz»sl  by  a  set 
of  .structural  values  (.stalnre.  form,  texture  and  spati.d  reliitiouships  among 
eoiuponciits)  that  <lill'er  froin  those  eh.araeterizing  cover  i>i  another  ,irca. 

If  cover  varies  st  rueturally,  tln>  fossilized  eviinjnuii'ut  will,  lih»'wis»',  vary 
because  the  living  eovir  is  the  struelmal  rorerunner  of  the  fo.ssi!  iaereau'iit. 
Tims,  it  arises  that  striieturally,  there  aiv  ckiuils»  of  organic  terrain  and 
« kinds »  ot  lossil  oi'ganic  matter  within  the  terrain.  This  principle  can  be 
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denionstnit^'d  rcmlily  hy  tns|M'(‘tioit  uf  [rrosn  stiuijdrs  of  tho  organic  matter 
(pent,  OH  it  is  known  in  Kiiglisli-spi-nking  countries). 

The  n'suler  will  liogin  to  appreciate  that  organic  terrain  tlifTcrs  funda- 
nientally  from  ininenil  terrain  apart  from  the  contrast  eoiiveyeil  hy  the 
expn-ssidiLs  « ••ntanie »  and  « mineral ».  Contrast  is  also  estahlislicd  on  a 
generic  Inislt.  5liner:il  implies  geological  origin,  wheieas,  organic  biological 
(botanical)  *>rigin. 


4 


Kig.  •>, 


On  the  g' 'lerie  l>;!>is  a  sample  of  organic  ti'i  i.iin  is  rais  ly  iho  ivcd  from 
aialerials  ainl  «-Ueets  of  erosion  (hat  have  been  ineideiil  at  a  location  other 
tl’.atl  that  at  which  ih.-  sample  occurs.  I'cal  ilcposits  arc  vs'clit hilly  primary 
gC4>gi  apliicali.'.  and  ai  i-nmulatiiin  has  occin  rcd  in  silii.  A'st)  the  controls 
gox'erniiig  areniaid.itioii  are  liasicallv  biotic  for  oiganir  hirain.  Tims,  sedi- 
incntnry  or  ghaial  agi-r.ts  |>lay  no  signilicaul  part  ia  the  aci'umulation  of 
peat.  I'  iiially.  t’i«'  l•l>:Ilpo>i^in||  ni  pi-at  isnisl  it  at' d  as  it  is  ot  ji'aiit  fi'taains 
canm.'t  lie  assi'^s.-d  l>y  the  s.iiiic  v.dtics  isi/c.  shape,  kind  and  arran.gcnient 
of  <-onstitiiciit  particlcsi  that  are  Used  for  idi-nl i f.x  iiig  and  dilfcrcnt  iai  ing  niin  'ral 
.soils.  This  I'oiiirast  pmiapts  <'iiipiir.\  into  how  licld  and  h.horator.v  retiii'ncc 
can  Imsl  hi*  made  for  org.’inic  terrain.  The  hiotic  factor  has  pro\cd  iiiipaitant 
in  this  cimiicciiiiii  for.  I».v  appl.xin.g  pal.scohutani.al  principles,  it  has  boon 
shown  that  peat.  ;is  it  a'cimndati's.  rc-lccis  I'rgani/.iilion. 

To  rcM-al  this  org.iiiiza.icu  is  ilifiictill  if  cross  sirucniic  of  the  pr.nt  i.s 
used  as  tin*  is  fcrctnv  basis.  Tin  la*  aiv  sono  tiiacs  local  aheriations  in  stniclurc 
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onuncd  by  transient  loenl  ciretimstaiuvs.  an  xuiiisiially  lar^p  fossilized  log 
may  displace  noininl  accumulative  structural  pattern  and  ivlative  abundance 
of  coiibtitueuts  generally  eharatteristic  for  the  aii‘a.  Also,  when  research 
disclosing  the  iitiueiples  of  organization  was  hegim  it  was  difficult  to  establish 
how  gross  stiuettire  in  depth  (often  inconvenient  or  imj)ra<ti(al  to  expose) 
signified  a  valiil  historieiil  Itiological  tivnil.  When  the  eomjHinents  were  large, 
as  was  often  the  ease,  it  was  diffietilt  to  tell  where  tin-  ili-liiication  of  tj'pe 
sti'uetural  pattern  lay. 

It  was  not  until  mirrof«»ssiIs  were  ns4'd  to  reveal  suifcssioiial  trends  in 
peat  history  that  a  means  of  demonstrating  organi/.atinn  iM'i-aiiu-  eh-ar  (llndforth, 
IMo'J).  'I'lu'  mii-i4)fossils  (pollen  and  spor<sl  ehiillv  «)f  in  situ  jdaiits  comprising 
the  peat,  sliowisl  eliaiige  in  relative  Irequem-y  in  a  given  core  deptit  of  i)cnt. 
If  niiei'ofossil  peal  cores  were  «-omparrd,  clmraelcristic  I'reciucney  patterns 
I'ovealed  lhcm«-Ut's.  Tin  ti  wla-n  a  cliaractei  istir  pattern  \vas  |■('lalcll  to  gross 
sti’iicliii'c  of  the  peat  sample  from  which  the  i-iire  was  removed,  the  natural 
and  eharacti-risiic  |)aramcters  i>f  gross  striictur*-  could  1h'  Ciinfitlentlb"  expressed. 

Tlie  inierorossil  liist\»r.v  also  c.  posed  llie  vi'geial  treiuls  which  culminated 
in  eontemiuiiarv  vcgi'tal  <'ovcr.  In  otlier  words,  it  helptsl  to  diselos<‘  d.elineation 
of  structural  t.cpc  in  tlie  living  rover  as  it  diil  for  gross  macrofossil  compositioi* 
(Ujidfortli,  lO'i.')). 

Tlie  critical  piinciph'  Ihrtmgh  which  organization  is  expressed  can  now 
1)0  reasoned.  If  a  given  mici-ofossil  patttrn  i.s  eipiivalent  to  lM)th  surface  and 
sttbsuil'i'.'.c  stitietuiai  iialtern,  then  that  sui'fjiee  pattern  is  indicative  for  the 
suhsuri'acc  structural  condition.  Tliis  is  most  helpful  IteeaiiM'  it  can  be  demons- 
ti'iited  that  ehaiaeteristie  vegetal  cover  patterns  reeni'.  They  are  not  fortuitous, 
and  then  fore  sulisni  face  structural  difference  can  now  1h'  designated  over 
wide  areas  simply  from  surface  iiispeetion.  .Morco\er,  this  can  la*  applictl  on 
ail  inler-conliiiciital  iiasis. 

Predictability  as  applied  to  organic  terrain 

With  (irgaiiizatioii  present  in  the  entire  organic  i  •  erhurdcii,  elassifie.ntion 
of  the  iihcnoiiieiia  of  variation  beeonics  a  possibility,  ('liissitiratioii  as  ih-vcUipcd 
b.v  the  writer  tUadforth,  Ifto^)  cinidiasizcs  (lie  following  prinrlphs : 

a)  iiiitural  tliiological)  events  am!  eiicumstanees  tin'  basic; 

b)  eliissilicatioii  is  ,-i  system  on  a  manifiild  basi.s; 

e)  tlie  s.vstem  is  nnivt-rsiill.v  applicable,  e.g.  for  imrjnj.ses  of  cnviroii- 
mentiil  anal.vsi's.  engineering  planning,  and  biological,  geogi-aidiiral  and  eertiiin 
geological  studies. 

The  elassilieafioii  systmti  tloc.  eit.  Iladfoith,  Ibo’J)  is  alread.v  in  wide 
U.sc  in  t’anada  ami  to  some  exieiil  in  the  I'.S.A.  for  ciigiiieeriii.g  ])rogrammcs 
of  terrain  inter|iietaIion.  Surface  cover  is  usuall.v  elected  for  the  iiiaiu  approach 
to  analysis  and  the  use  of  liic  cover  formula  luethod  of  rcfeicmn'  is  the  j)racliec. 

Classilieatiou  alfords  pf'tiielimi.  Accordingly,  jirislielion  has  been  attempted 
in  the  jnesent  work  and  olT-tlie-road  access  has  l>,'cn  einplni.sizcd.  The  kluds 
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of  iicct'.'W  Iiiizards  iiiv  listitl  in  TaliK*  1,  (*oIiii)in  1.  Tlir  jiifdoininjiting  cover 
formulae  pertinent  to  them  are  .slnnvn  in  iDliinin  2.  TFic  first  step  towards 
prctliction  of  vehicle  inn-fonnanee  in  so  far  as  tiie  ferniin  factor  is  concerned 
is  to  locate  the  fortmilnc  on  a  proj>osed  artless  route. 


Table  I.  —  The  rildlUttuhtp  of  erHii-al  occeM  hoznrd*  iiml  Ai>rrcfpo>u.liug  vehicular 
reijitiiine  to  olrtilifltiiliou  aidtt  for  orgooit-  trrroiit. 


Accoi  huttd 

Pr«doruioftUjif 
<OT«t  roraolM 

1 

a 

I.ow  ilonsi'v  or^nnir 

Kt.  Kl,  OKI 

I.iiw  ii'ii>iliiy  ork;fiMi<‘ 

Kl.  II K 

lI<‘t''ro;;<'iii‘uui  or^iiiiif 

Dfl.  Kl,  KKI 

CiiarM'  p<  ;it  niiii(H'ni'iits 

AKII.  AKI 

l'iu  ijiisi>Uil:>t<Nl  :*ul>l;iy<*f 

Kl.  Kl  ' 

!’•  rfi.irilo'l  ill"  ini'lu 

Kl,  kkI 

Niim 

l’o1yj'iiii!il  ice  iiicIuMiiiii 

II  K,  Kill 

Kimllc'l  ii',>  iticlii^iiiii 

*.Kf.  AKII.HKI. 
IIKIi 

Mi.icclli.ncdus  ico  Clin- 

Kl,  KKI,  l>KI 

dition 

Klcviilcil  irrcj'iilarity 

KII,  UK.  Kl 

I)ci)rc-i'  Cil  i  rrc(^ul:irily 

I»KI 

Hock 

KKI,  Kl.  IIKI 

Mounding 

1)1,1.  K.i,  k:i. 

UDK 

Ridding 

Kl,  !;ni,  UKi, 

IU\ 

inirrtitmio^rjtjthv 

IIDK,  ADK,  DM 

Vi*rlii'nl  pout  ffli’C 

UK,  Kl 

InUTrupti-il  orprti  it*  tt-r* 

(Mliicrnl  terrain 

rain 

a'lj:«-i'iit) 

Tree  cover 

AKI,  All.  AKII, 

UKI.  llKlt 

Trt*o  fall 

ADK,  AKI 

Vontlt’H  terrain 

Kl,  KKI,  UK 

loclinotl  torinin 

Kl,  Kl 

Predomioatiac 

30.000  ft. 

V«bicrJ&r  )r«rfonBUXC« 

Alrform  |>4iUrm 

« 

I’.irlial  lo  liilnl  «ul>Miilpiice,  lo.* 
ot  lr;ici:»,?  clTort 

iVrftiatoiil. 

Total  ■‘iiLsi'I.-ncf 

mirltloiil 

Sti^>|di>iil, 

Diiri-ri'iitinl  .culicidencc 

icrraZioiJ 

Sii|)]>liiiil 

Track  ilamagc,  oiteking 

lti*liciili>i.l 

Suli-idi  ncc.  lii<s  of  trnrtivc  cITorf 

Hcliciiloi.l 

Total  or  ■lilTcriTtliul  sultsiilcnco 

.Mnrlrloid, 

lliirtfciiiiiil  MiL'^iilcncc.  [litcliing 

liTrur/itiJ 

Stijiploid 

Tra>  k  .l.tni.agc,  iiiailisjuntc  stoo- 
raWility,  |iitcliiiig 

ICclicul'iiil, 

I’arlial  .lulwidcnci* 

Id  rnr/oid 

Axial  pii*‘lj.  ‘lilTiTenlial 

ilfP'V,  b^'alizisl  lua*l  intcuj^i* 
Heat  ion 

!VrniJ*f  oi'l, 

I.nfiTxl  r\io)  ttxiiil  piti*h»  partial 

siipploiJ 

n»iil  'lifTr-ri  nlial  .’'ub.^itlenec 

T'Tra/  'oitl 

Tnii’k  iliinui^e 

T'rrn/roi.l, 

1  nK'b'qualo  s!«>*r:il)ilil^' 

iiinrl»li)irl 

Terrnr./iiiil, 

1  tilTcri'nl  iat  »uli<iitpncc,  latcr.il 

jiitcli 

.'*'1  ipploi'l 

k*i  viTc  (lilcli.  track  damage,  jrar- 
tial  ..uli'idcnee 

Ixx'nli/.cil  lo.ail  iiitcn^liicalion, 
111*,  of  Ir.aciiro  cITorl 

All  paUiTiis 

A’liriiililc  rcs|mii«> 

JUipploitl 

K3U*e>:-ive  dcvitilion,  inadequate 
.lecraliilit  y 

High  frcqiicney  tdtoliing,  track 
ilamage 

Di'riiial  oiil. 

Tnl.a!  -iiliridcncc,  high  divis- 

rttifvilni.l 

tiou  rate 

ninrl'iuitl 

1Vrmutoi*J 

l,rw<  of  tr. act  ice  elToi  l 
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The  Uitorpn.*t«“P  mast  tlit'ii  stirvoy  tlio  isjuti'  to  cU-lcriniiic  thf  frcuvioiicy 
and  extent  of  *‘aeh  kiinl  of  This  iimy  be  clone  by  siu'fiice  travci’se 

tbrou"h  euiivciitiiiiial  loethotls.  The  most  csMivenu-nt  way  to  survey  is  by  direct 
observation  from  the  air  prefenihly  by  hejicopter  from  bOO  feet.  Direct  ubsor- 
vc'tion  fruiii  I.OOO  fc'et  in  <siiiventiciii:i|  b»w  spee<l  aeroplane  llif^lit  is  next  best. 
If  bi«h  altitude  lliebt  is  ••ssc-ntial  (dO.OOO  feet),  predietion  is  still  possible 
titudforth,  Iiidii  erial  iiis|Ks-tioa  nsine  air  ))liiito"ra|)hs  is  often 

the  only  menus  available.  In  this  ease,  iicterpretive  proecdiirc  is  ni’ces.sarv  (of. 
Kadforth.  1  I D.TS). 


fit:.  t>. 


l-’i};.  !•  shows  ;i  rectiiiiiiu-ndc'd  traver.se  over  miles  of  orcaiiie  lenain 
in  nortlu-rn  (.'anada.  It  has  bisai  elmseii  as  tlu*  straijrhl  line  route  otfering 
l)esl  perf<»rIuan<^.•  and  thus,  ha.s  the  lowr.st  freciuem-y  of  critical  aeees,s  hazards, 
b'reiiueney  of  given  hazards  is  delermiiitd  as  a  fmielion  of  the  extent  of  that 
cover  formula  ••oniainiiig  the  eharacterislie  hazards.  To  arrive  at  the  number 
of  bazards  of  a  given  kind  iier  mile  «*f  bnoven  cover,  the'  averagi*  dislnnce 
between  .sneccssive  similar  ba>;rds  is  nsed  as  the  factor.  Tlius,  for  ai>i>ro- 
ximatel.v  lialf  tlie  route  t.Maibedii.  lit'.,  J-’.l)  elevated  in  ignlal  ities  will  occur 
evi'i'.v  100  feet  on  the  avcu.igc  i.-  jh'I  mile  or  iii>pro.\iuiately  IdO  from 
the  l)eginiiim:  of  ilie  route  u<  li'i  >,e.\i  major  ihang,.  in  ilii'  terrain. 

11  will  Is-  noted  ill  Tal'le  II  il>i  |-e  aie  I  liree  ot  lu  r  lu  ee.'s  baz  irds  oeeiirring 
in  the  fii-si  half  of  the  mute.  Their  freipiem-ies  arc-  lower  b.v  far  than  tliat 
for  |tie  lirst  (elevatcsl  irregiiliiril ic-s).  When  total  fre<|ueueies  for  all  aeee.s.s 
hazards  are  eoniji.ired  for  the  two  t,vpes  of  terrain,  it  works  out  that  tlie 
•second  balf  of  tlie  route  him  nearly  four  tinun  as  many  hazards  as  the 
first  half. 

Optinitiiii  spii-d  on  flic'  t.vpc  of  leri’iiin  slmwn  in  the  first  lialf  of  the 
route  is  deieniiiiu'd  as  m.p.h.  per  mile  of  terrain.  Thus,  the  lei  rain  all  heing 
similar  for  aircut  'J  miles,  the  clistiinee  would  be  covered  in  half  an  liour. 
If  all  iieeess  h.!/;ir'is  eons'iiiu-  the  same'  lime  ta  not  niii'c'.  ■.oiiahle  a  ,■  u-.iipt ion) 
the  sieoiid  Iw.'.f  c.f  the  traverse  would  .’ake  alsnit  1  times  as  long  to  cover, 
about  2  bcuirs. 
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Tablr  II.  —  t'lim/iiirison  iif  freqiu'iicirn  for  m  i  urn  are  of 
of  the  Iiir(:i>‘  roulf,  fig.  9. 
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Plritl  liHlf  of  sri-i-M  rout« 


Si  i  iiri'l  liitlf  of  iii’i  0S3  route 


To  acliii‘V<'  tills  iTsuit,  ilu*  vcliiolc  woiili)  liavc  to  In-  flcsi;;noil  with 
the  fwllowiii}'  ffatiins:  Jliiovaiicv  in  iijxii  fn-sli  watif,  tnoitlinati'il  wiiicli-tnick 
spml,  nilotinalc  a|»|H't)acli  tiiifilv  on  trticits.  a])i)in|iiiat<’  lli’xil>ility  in  tin*  lower 
tun  of  tniek  and  in  the  jifonsciN.  <l(si;;n  loj  oiitininin  fliiiisl  nlative  to  the 
slnielural  eunstituiion  ol'  the  tefiaiii,  einire  of  •’lavily  and  load  distrilnilioii 
nppitiiiriate  to  tlie  amplitude  of  in l•■illla^ily  llnil  the  teirain  ni  fijr.  5>.  eliaftic- 
teri/.e.s,  and  lowest  pi*>sil)te  ttround  i>res',ni'e. 

If  it  is  judged  that  inoliilily  as  outlined  in  lliis  work  does  not  meet 
rotiuireinents.  the  only  leeourse  is  inoditicat ion  tluoii;:h  I'oute  seleetioo.  Tliis 
would  l)e  jipju'oaelusl  liy  eliiiiinaliii);  as  mn.  h  as  possible  of  the  type  of  terrain 
.shown  in  the  seeomi  half  of  the  travef.se  (lip'.  !•(.  It  is  not  feasible  to  eireninvent 
all  of  lliis  kind  of  terrain  atii!  j  erhajis  it  would  he  inoi'e  fi  alistie  to  de^  ise 
Oliver  systems  of  ai'eess  siieli  as  that  )nopo.ved  b\-  the  Slijie-llanl  system  (f’nth- 
lierfsini  and  Kadforth,  IftdS). 


■  —  TIte  'niti'r  i>  a  reeipieiit  of  ^iranfs  from  the  Nntioniil 

ne.-..  'arrli  ('iniiiril  i>l  Cainitln  jitiil  Ilu*  DrliMin'  IJ(  '*  jut  li  It  'anl  lor  lln*  Mijiport 

ot  Hit*  work  I'niitlnitinif ;»1  to  Ilu*  ruii>iil<'nUioii>  in  tlii>  ]»ii|nT.  Tliis  fatefully 
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i>  i  .s  r  r  s  .S'  /  0  s  .S' 

r.  BONMARTINI.  -  !  ;M,i  lii'vr  ;i.>  iiiir  ol  ii',\  liitlici's  ;ii<Is  liut  :tni  iin  I'lUjiluyec 
of  Slnnihird  Oil  of  Ni'W  H<)v.i'V<t,  I  Ijiivc  >|ii’i]l  .'cvoriil  yoiirs  in  Caiiuda 

'vorkiii;,'  witli  one  Oil's  iilliliiiifs.  Iiiipii-iiil  Oil,  a  roiii|iiiii,v  fNlioniidy 

iiiUMTstril  ill  solving  tiio  prolilrins  oi  iniiskij;  ( rjilli'-iitiilily  liriimso  of  tho  urea's 
oil  rcsouroos. 

I  ronioiuhor  llio  iiriililciiis  I'liml  (ly  tlio  oil  >(  iivcliini:  pm  tics  in  tnu'crsini;  tho 
imiskiMr,  nml  I  inysolf  smv  fiilos-iillrr  tniitors  sink  ii.nl  (li>;ipp('m  Iroin  viou  like 
siiikiii>:  ships.  Dr.  UmiII'hiIi  |iS'  siiiil,  I  lulirvo  tliiit  hi'  cmi  ilrti'l'iiiioi'  iht  trclfi- 
cahllily  of  the  iiui-iki  '.i  lhio’.i'.rli  m  i  ini  phi)lii;rr;iph:i  iiiiil  thus  iivniil  these  inish.ip.n. 

llowovcr,  1  loiiliinu'  In  ihiiik  limt  oiic  ol  ilie  iiiiijor  ’jii'lilriiis  of  I ravcllinc:  over 
iiiii.'iki'L;  is  proM'iil inir  Ihe  tnn  k  fiom  i  iilt.iij;  ihr'  mil  f. ire.  Tho  niusko;,'  i.s  like  n 
fluatiaj;  I’aiiU't,  the  nionient  the  whri'l  or  li'iiilioi'  siileiii  euts  t)iroii;;h  it,  the 
iiiaehinr  sinks  unless,  n  I)i'.  Hmllorlli  .■'ays,  i'  i-  hiniNed  u)i.  Mmiever,  I  would  like 
to  ask  how,  even  if  the  inaehine  si  liunyed.  will  it  he  aide  to  >;et  out  of  a  rut  .should 
it  uu  into  one  7 

N.  W.  BADTORTH.  —  .'Ir.  I'lnnrman,  the  t’lisl  ipieslinn  lelVrieil  to  the  possihility 
of  predieliun  of  1 1 iilVu'iihi lily  ol  this  nin-ki'ir  or  o'^niiie  lerniin.  And  the  au.swer  is 
favouiiihle;  \es,  we  enn  juedn-t,  we  enn  ind  only  indiente  wh.eiT  the  lonle  shall  be, 
but  we  enii  also  indiente  wlial  the  esperiiuee  is  u'oinK  to  be  if  llinl  route  is  tre.vellcil 
and  what  the  eNperieiiee  would  lie  if  nuolher  rou'i'.  still  on  summie  terrain  were 
travelled.  The  iiileresi  iiiv:  ihiui;  ahout  Ihis  is  that  w  hatever  '.'nil  lie  done  in  Cniinda, 
we  feel  reasnnnhly  eeitniii  the. I  we  ean  do  it  in  olhei  euuniries,  -hall  be  i.iy  in  other 
eonliiii’iils,  in  the  eireiiinpular  in.peel  indeed.  !  lliink  the  iiuesiioii  ii.  '2  was:  do  we 
liiire  to  ei|l  tile  niut.  Unit  is  to  >iy  Ihi.-,  liviin;  layer  or  the  mots  snpplii'd  by  this 


A 


livinp  layer  ot  eoiitciii|ioiarj-  (tlniits.  The  answer  is  ihnl  if  you  <I<)  eut  the  mat,  then 
of  ronrsr  the  nnmhrr  of  pnlssrs  thnt  yon  ran  achieve  will  Iw  ilejtleteil;  »te|>en«ling  n|><m 
llic  kind  of  oi'',j;iiiiir  ti-nniii,  the  niiiiilier  of  passes  will  l»e  tleideted  iiiurh  faster  in 
line  ease  lhni>  in  nimlher.  Hut  we  eaii  also  predief,  with  rrv*>rd  to  this  feature, 
that  in  conneetiou  with  the  hiiildiii)r  of  road*  on  this  or^aiiie  terrain,  we  recognize, 
or  wc  shall  sny  that  the  local  engineers  reeognize  three  lyj«-s  of  failure  with 
icgaril  to  I'uiid*.  1  think  it  is  jn'rliiient  iMs-atine  failiir*'  on  roads  huilt  over  organic 
tciiain  really  rt'lates  to  the  husiness  of  cutting  this  mol.  These  three  lyi*e*  of  failures 
arc  as  follows:  sinkers  in  which  the  nnid  disap|H>ar*  like  the  vehicle  that  my  colleague 
was  making  rcl'crciice  to,  here  400  feel  of  more  of  rr»a<l  embank  men  t  ran  ilisappear. 
The  sociind  kind  of  failure  is  known  4iithKpii:dly  iis  a  fiddrr.  and  in  this  case  the  road 
folds  ahing  its  centre  line,  form*  in  cross.*eelion  a  V  ami  «lisap|>Ciir*  out  of  sight. 
The  third  kind  of  failure  is  known  a*  a  slider,  in  uiiii-h  the  road  emliaiikment  tips  and 
then  slides  iiiiely  out  of  siulil.  Thc*c  three  things  orisr  wlu-n  for  iiislanee,  or  one 
of  llii'se  three  tilings  may  arise,  when  itilihing  is  hroiighl  f<a»  «-lii'C  to  the  centre  line 
of  the  road.  W'e  can  tlicretori-  predict,  dcpciolinir  iijxifi  the  kind  ot  organic  terr.ain, 
whore  ditrliing  should  la?  done.  Wc  can  predict,  with  rl■slK•^^  to  a  given  kind  ot 
vehicle  where  and  when  the  «rg;inic  mat  will  he  .severeil  and  where  einharrassmcnt  and 
zero  lunhilitv  shall  <diiain.  Thank  you. 
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Vehicle  design  from  field  test  data 

Progettazione  di  veicoll 
in  base  ai  dati  spenmentali  del  tcrreno 

J.  tl-  TilOMSOX  •) 


ABSTRACT.  —  Difficult  terrain,  including  fire  hundred  thousand  square  ‘miles  of 
muskeg  hare  almost  prohibited  development  of  the  Canadian  Northland.  Severe  economic 
penalties  have  had  to  be  ah.sorbrd  by  the  few  developments  which  hare  been  undertaken. 

fa  particular,  the  crploration  efforts  of  the  Canadian  oil  industry  hare  been 
adversely  affected  by  the  tote  trafficabiUty  u>its  of  the  Western  Sedimentary  Basin. 
Until  recently  winter  trails,  water  routes  anti  airlifts  ivere  the  only  means  of  access 
to  huge  areas.  Now,  through  the  application  of  standard  engineering  practice,  alt-season 
land  travel  over  muskeg  and  other  .liffScult  soils  and  snow  is  possible  with  mass 
transportation  vehicles 

To  solve  the  problem  of  muskeg  mobility  it  was  first  necessary  to  know  precist'ly 
what  muskeg  m  and  to  determine  a  certain  number  of  its  properties.  A  very  excellent 
qualitative  description  and  classification  of  muskeg  wn.s  published  nine  fears  ago  by 
N.  H'.  Radforth.  Itis  orderly  classification  in  lur.i  provided  a  basis  from  which  deter¬ 
mination  of  some  of  the  mechanical  properties  of  muskeg  w;as  possib!,;.  In  fact,  his 
simple  nine-part  classification  has  been  used  as  quasi-guantitative  in  conjunction  with 
some  vehicle  mobility  studies. 

The  requirement  for  vehicles  became  so  urgent  that  design  and  construction  of 
the  first  few  vehicles  were  carried  out  before  any  data  on  the  mechanical  properties 
of  the  environment  were  available.  Some  of  these  vehicles  were  sitcccss/ul  within  limits 
hut  in  no  case  was  a  realty  satisfactory  vehicle  produced.  Some  of  the  mechanical  proper¬ 
ties  of  mu.skeg  have  now  been  determined  and  are  bring  used  to  optimize  ichic'.e  design. 

To  speed  vehicle  development  the  critical  experiment  method  is  being  used  with 
some  frequency.  Based  on  prcviou.s  experience  with  vehicles  in  other  media  an  assumption 
is  made  as  to  the  effect  of  an  arbitrary  design  change.  The  modified  vehicle  is  then 
tested  in  comparison  with  the  standard  vehicle,  tf  the  assumed  effect  is  found  to 
occur  substantially  as  predicted  the  modification  is  then  accepted  o.s  a  design  principle. 

To  avoid  the  pitfalls  which  can  be  caused  by  continuous  application  of  the  method, 
a  somewhat  more  ba.iic  approach  is  also  used.  One  such  approach  was  the  application 
of  a  standard  sheer  vane  to  the  media.  Apparent  shear  strength  of  a  muskeg  mat  was 
determined  by  shear  vane  and  the  results  compared  with  vehicle  performance  determined 
by  the  u  pull-slip  •  method.  A  tentiilive  correlation  wot  obtained. 

Based  on  the  results  of  the  critical  experiments  and  the  shear  vanc-vciilcle  corre¬ 
lation  a  vehicle  design  program  was  undertaken.  To  date  this  design  program  has 
produced  vehicles  of  4.  10  and  20  tons  payload  capacity.  All  of  these  have  displayed 
excellent  mobility  characteristics  in  the  design  media.  There  is  no  apparent  reason 
why  the  information  so  gathered  cannot  be  applied  to  vehicles  In  any  weight  class. 


Introduction 

The  tmiisporl-itiiiii  .•i\stems  involved  in  oil  c.xplorolioii  must  bo  oapnblc 
of  oi)onilin>r  over  a  wide  variety  of  terrains  ami  be  ainenable  to  o.\fieims  of 
climate.  Canada's  active  oil  e.xploration  area,  about  7.''0.0()0  square  miles  in 
c.xtcnt,  inns  tluuii^li  Temperate,  >sub.Aret’K‘  and  Arelio  regions. 


)  Iniperinl  Oil  IJiiiiU’d,  Canada. 


To  nHt“t  the  terrain,  climiitie  imd  otlior  i)p<'rnti«*iial  limits  it  1ms  been 
nw'ssnrj"  to  «!«'siw|i  nml  develop  spts-inl  vobieles.  Tin*  im  tlinds  )ipi)Ii(Hl  to  this 
dt'Vflopment  proitrani  liiive  been  tliosi*  promising  nn  «-i-<niiiitiy  of  time,  money 
and  innterial  while  xlill  holdiii);  otHxI  promise  of  siiee<-ss.  Tlu*  «  ei  itieal  experi¬ 
ment*  lias  Ins‘ii  the  tis*Iiiii<pie  eoiiimonly  iippliei]  in  llie  deM-lopment  of  one 
family  of  veliieh's  for  tliis  an“a. 

Mueh  of  the  design  iiiroi-niatioii  natlu'ieil  in  this  piii(.'r:im  is  in  tlie  foim 
of  definition  of  the  limiting  terriiin  types.  This  data  €-an  In-  used  to  set  limits 
on  the  siiilalile  o|M*i-:itii>iini  ais'as  for  eon\ eiilioiial  wln-t  li-il  and  traeked  vohiclos 
in  idl  of  northern  Caiiada.  t)plionally.  the  data  ean  lx  appliid  to  tlu*  ilesign 
of  any  ehtss  *if  veliieK*s  with  snfKeieiit  mobility  t4i  ojh  rate  ilirouglioiit  the  area. 

The  problem 

a)  Topography  and  Soils  of  the  Western  Sedimentary  Basin.  —  The 
Western  S<sliitu*iitary  Hasin  is  t’aimda's  active  oil  l•^p!•>rillil)n  aiea.  The  large 
variety  of  to]Migrapliie  features  and  soil  types  fmiml  thioiigliunl  this  basin 
ineltide  .soft  r<*iimld:il>Ie  ehiy.s.  Iioulder  tichls,  oigaiiic  tciiain,  foi'cstcd  and 
grassland  jdains  and  slop«*s,  sharp  river  margins,  saml  diiiM  s.  gra\'i'l  eskers  iind 
inoutaiii.s.  Kaeli  pii.s«*s  its  own  set  t»f  mobility  ami  trallii-ability  ])roblems  in 
addition  to  thost*  common  to  all.  I’ermafrost  in  tissic  iatian  with  any  of  llic.se 
soil  t,v(H*H  will  eaus4*  variations  of  veliicle  I'esponsc  to  ih.'  terrain.  In  addition, 
fiovoral  of  the  .soil  types  have  com|di’tcIy  dilTi'iinl  ihaiactiristics  on  a 
seasonal  IkusU. 

An  outstanding  «*xample  of  .sc;rsonal  cli.nige  of  cli.-iracicrist ics  is  cxbibited 
by  the  orgnnie  terrain  or  muskeg  wliieli  comu's  an  i-«riiiiati  il  aOO.OOO  siiiiarc 
mile.s  of  northern  ('amnia.  Organic  li’rraia  rc(|iiirc>  that  \cliiclc.s  have  low 
ground  eoiitaet  im'ssiire  and  high  tolciancc  to  .Nink.i.m*  but  little  susjieiision  for 
sunniier  travel.  In  winter,  .sinkage  is  non-existent  in  the  fro/.iii  material  but 
sttrfaee  nniglme.ss  is  e.xtrenu*.  Deep,  soft  stisja  nsinns  an-  tin-  main  reijuireincni 
for  .sueee.ssful  winter  ojieration  of  vehicles  over  inask*-g. 

The  ilevelopmeiit  jirogram  to  be  di'reribi-d  was  applied  to  pi-oviiling  high 
ntobilily  trans|iortation  vebirles  for  muskeg,  llowess-r.  siuee  muskeg  is  not  a 
continuous  operating  media,  the  .sidnlions  have  lieeii  intlmneed  hy  other  soil 
types  and  tojHigraphy. 

b)  Climatology  of  the  Western  Sedimeutary  Basin.  —  The  climate  of 
the  Western  Sedimentary  Hasin  varies  widely  in  the  range  of  temperatures 
and  in  piTcipitatioii.  It  also  varies  widely  from  laie  ana  to  another  so  that  a 
general  statement  of  eharaeteristies  cannot  sullice.  Ilo.vevei-.  il'.e  range  of 
tempi*ratun-s  i.s  from  a  daily  minimum  of  —  70"  !■'  tu  a  de.ily  m.ixiimim  of 
-1-  lOO"  F.  In  iiorlhwu-stern  Canada,  that  is,  from  llml-m's  Hay  to  the  KocUy 
niountain.s,  theix*  is  normally  less  than  dO  inehes  of  -now  oii  the  ground  at 
any  tiiiu*.  Xaturally  the  winter  climate  of  the  .soiitlierly  portion  (tf  the  basin  is 
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imiph  w;irnn’r  ihsm  tlic  miniimiin  iuiti-<l  ;il)o\p.  In  tlip  s<inlli,  tluTo  is  normnlly 
only  a  few  inclits  of  siio«-  on  the  {•roun<I  duiinf?  tlio  wiiitir  season. 

(•)  Vehicle  Operation  in  the  We.stem  Sedimentary  Basin.  —  OI)viousIy, 
tills  lai’iiP  area  witii  it.s  greal  vaiiety  of  soil  types,  lopo;:iapliy  and  oliniatc 
{H>ses  many  pmMetns  for  veliiele  nioveiiieiit.s. 

Witli  some  (Neeplimis  llio  riviliaii  transportation  r(.‘(|iiireim'nts  ai’O  for 
p.xjiloration  imi[ioses  at  this  lime.  This  statement  etirries  willi  it  the  implieiitioii 
th;it  very  little  niotiev  ran  he  spent  on  Imihlii'm  roads  of  evs'ii  trails.  True  otT-road 
iiiohility  must  lie  peo\  ided  foe  mass  teaiispiiriatioii.  lloili  tlie  mininjr  and  oil 
iiidiisl ries  are  aelively  cn^aeed  in  i-xploralimi  over  terrain  Mliieli  until  lereiitly 
hail  never  lieen  teaverseil.  Mxjilo!  at  ion  ot  lliesi’  areas  lias  in  part  heeii  made 
feasihU'  tlir.ni"li  leeeiit  vehicle  di  v.  lopmeiils. 

Mnskio.  \lie  majoe  limiliito  soil  type  to  \eliii-le  travel  in  iiorthern  Canada, 
«  lias  heeoiiie  tlie  1(1111  desioiialiii"  oi;ranie  leiiain,  llie  ph.vsiea!  eoinlition  of 
whieh  is  ooveiiieil  hy  the  sleiieiilii-  of  the  peat  it  (imtains  and  its  related 
mineral  soil  suh-hi.ver  considered  in  relalimi  Ij  lojioerai'hie  features  and  tile 
.surface  veoelation  willi  which  the  peat  eo-e.\isls  » ‘.  .Mnskees  can  he  classified 
into  eoinliinat inns  on  nine  major  eoaiponents  siiooested  h,'  h'adfoith  ’.  In  iiddi- 
tioti,  Kndfoilh  has  ela.ssilii d  the  ground  forms  and  lojioorapliy  assoeialecl  with 
or};anie  terrain 

Mach  muskey  type  calls  for  variations  in  the  vildele  eharaeteristies  to 
nchievt'  oplimuin  mohility.  Kor  v.sainple.  type  «  I'l  »  mnskey  is  eomiioscd  only 
of  moss('s  and  oiasses  and  is  cliaraeterised  by  law  Issuing  strength  which 
results  in  deep  vehicle  sinkayes  and  moderate  mol  ion  lesisiai.ei*.  Transportation 
ran  he  eonduetisl  ovi'f  this  material  hy  special  hiyli  inohilily  vehicles.  Typo 
€  A  FI  »  is  composed  of  mosses,  yrasses  and  trees  to  about  -10  ft.  lu'iyht. 
The  roots  of  the  «  A  »  element  ttreesi  increase  the  iKsirine  and  shear  .slreiipths 
of  tin'  imiskee  ami  thereby  rv'diiee  the  motion  resistance  actin'’:  on  the  vehicle. 
Blit  the  liee  Inmks  iire  a  pliysieal  oltslaelv  to  veliiele  Ir.'iilie.  I'lither  the  vehicle 
must  have  ihe  aliility  to  push  ovi-r  and  trample  the  trees  or  a  tiail  must  be 
cieareil  if  type  .M-'I  muskey  is  to  he  Iraveised.  The  fii-st  .s.'hitioii  must  he  u.svhI 
for  e\()Ioration  trausporlalimi  only  if  a  trail  has  not  Ih-cu  wiuter-eiit  in 
iiiit icipation  of  a  summer  operation. 

d)  Transportation  requirements  for  oil  e.'tploration.  —  In  attempting  to 
devise  an  otVroad  Irausporlalion  system  eeitain  practical  (onditions  are 
iinjiosed.  I'irsI  and  most  im|)i>rlaiil.  the  ..^olution  must  he  h(ith  fuiiet ioually  and 
eeonomie;dl\'  efieelive.  Til*'  s'llulioo  must  also  he  arrived  at  with  a  luiuiimim 
le.seareli  and  devehipmeiit  e.xpeinlil me.  To  jiroleet  llie  individual  eompany’.s 
eomjiel  it ivv  position  it  tnnsl  he  achieveil  in  u  niinimuii.  of  lime.  .\  limited 
.S4ilnli(iii,  namely  a  pi"i'e  of  hardware,  is  reipiiis'd  and  thioi  fori'  a  eoiil inning 
program  or  faeililies  for  siiel*.  a  program  eaiiimt  he  aeeepled.  'I'lius  tlie  fiossihilily 
of  a])i>lying  the  methods  of  a  terradynamu-  hdioratory  eaunul  he  eoiisidered. 
How  ever,  it  vvoul'l  he  foolhardy  I*)  attempt  a  field  develupineiii  progeaiii  without 


a  thoi-(m';h  awan'iicss  of  tlu*  "aiwnil  dosi"!!  In'ml?*  by  the  work  of 

the  teriiulviiiimu's  li.l^oat  H-ii's. 

^Vith  tin-  above  liiiiilin;;  <'oiii!itioiis  in  mind  file  solution  to  the  trans- 
jmitation  problems  of  one  speeitic  eompaiiy  eiieaeiil  in  oil  exploration  in  the 
northern  jioitions  of  the  Wi-stern  Sediim-Mtary  Hasin  were  iind«‘rtaken  by  a 
fiehl  evaluation  method.  The  first  phase  of  tlie  inojiram  was  to  (b'liiu-ate  a 
^roup  of  Vehicles  which  would  facilitate  ex|i!orat ion. 

Several  phases  hi  the  oil  I'Xplonitiun  seheuu'  ale  ilependeiit  on  traiisportatioD 
vehicles.  The  first  of  these  is  the  triilisportation  loplireil  for  surfiire  frisdouy 
recoimaissatice.  This  niay  be  dom-  with  small  siirtaee  \ehieles  but  is  more 
conveniently  dtoie  with  helicopters  <ir  lipdit  airmalt.  The  second  sta;;c  of 
exiiloratioii  is  tlm  geophysical  siirv»-y,  ami  reipiires  siii’faee  vehicles.  Vehicles 
in  si/cs  snilahh'  for  ecophysii-.il  work  aresiipplicil  by  commercial  inaiintaeturers. 
Tr;U‘ki'd  \ehiclc.s  tor  this  s*‘|a  ici*  arc  <‘oii\cni]onal  in  dcsi^'n  but  pr4)vidi*  aibspiate 
mobility  over  inmli  of  the  Iccr.iiii  at  the  low  o|-oss  vehicle  weights  involveil. 
Tile  third  st.ii'e  of  4-\plorat ion  inviilves  drillin*;  wildeat  wells.  Jn  this  ease, 
approxim.itely  (10(1  tons  of  <lrillin<;  •■iinipiiK  iit  ami  supplies  must  Ix"  moved  to 
(be  drilliii;;  locatiiui  whieli  freipieiitly  is  n  moti’  from  any  road  or  trail  network. 
Snit.ihle  oiTroad  vehieh's  were  not  eomnicreially  niailahle  for  this  mass 
transporlalion  role  over  oroaiiic  terrain. 

(o'lieially,  if  mineral  soils  are  prevalent  in  the  area  a  snninier  trail  will 
be  picpafed  and  (anivt-nt ionai  wheeled  transporlatioii  vchieles  applieil  to  ilrillin;; 
rij;  moves.  Wheic  organic  soils  (niuskco',  rorm  a  suhstaiilial  part  of  tlie  terrntn 
to  he  traversed  tracked  vehicles  must  1m'  Usi  d  except  for  a  few  months  eaeli 
winter.  'I'lail  preparation  is  eanietl  out  in  the  winter  with  conventional  bull- 
do/.4‘rs  and,  if  louislically  possihh-.  the  diillini:  rij.'  is  (ranspoitisl  on  the  frozeti 
trail  hy  wlicchal  vehicles.  In  some  eases  dm  ilrillinit  eipiipmeiit  is  not  availalile 
until  after  the  sprini;  thaw  ami  tr.-nkial  carriers  must  Im-  used  in  suuuiier. 

Mxperienee  ill  I'xploiat ion  I r.iiisporiat ii>M  has  shic.vii  iliai  a  vehieh-  eaiiimt 
be  <hsi;:m.l  for  one  specific  set  of  eireiimsianees.  Au  aiial.vsis  of  a  laryo'  number 
Ilf  ex|iloral ion  well  loentioiis  has  shown  that  (lie  eoinnioii  ease  is  th.it  of  a  route 
composed  of  mineral  and  or*:aiiie  soils  which  will  (raierse  IhuIi  llat  and  hilly 
are.is.  In  .iddilioii  several  stre.im  erossinys  will  he  eiieiiuniired  in  the  usual 
.')0-  to  UHl-mile  route  length.  Theiefore  the  rei iiiireinent  for  an  all  iiiirposo 
Vehicle  arises 

Till'  all-piiriiose  vehicle  is  iinrealisiie.  'Che  vehieh  ’s  performaiiet'  innsi  lx* 
eotiipromised  in  some  terrains  in  order  to  nehieve  the  level  of  pen'ormanve 
needed  for  others.  ( ieiieially.  the  vehicle  must  liav  e  snllieieiit  mohility  to  (ravi'rse 
the  .softest  soil  to  he  eiieoniitered.  in  (his  ease  mil-'kei'.  the  ruyoedlless  to 
witlisland  (he  ronjihesi  teirain.  moimlaiii  trails,  and  'lie  powir  to  propel  it 
tlirouoli  tile  terrain  whieli  geimrali  s  the  liiydiest  motion  vesistanee.  fat, 
reiMolilahle  ela.v  s.  The  ii  soltiiio  vehicle  is  a  liyhi  id  radier  than  an  all-purpose 
vehicle.  In  terms  of  pert'ormamc  lliis  m.ans  tlnit  a  |U’aetieal  niiiskeo  vel.ielo 
will  normally  he  hotli  ov erjiowered  and  o\ i-rweiolit  for  service  in  its  priimiry 
design  eiiviinnnient. 


Till'  fji'iH'i;))  outliiu'  of  a  vrliicK'  i»  ofti-ii  piiiioio'ivi'tl  liy  an  analysis  of 
its  role.  Staiuliinl  oil  well  (Iritlini;  riKs  liiive  nia.siiiiuni  siiij'le  coinpom'nt  weights 
\ip  to  31  tons  lint  more  eomiitonly  only  up  to  23  to  2‘>  Ions.  Sineo  only  two 
eoninoneiifs  on  any  ri*;  i'Xe«s*il  20  tons,  iilmut  .'>'>0  of  the  total  600  tons  to  l)e 
triins|!(irt<sl  ran  1h>  moveil  hy  a  20-ton  l  ai  rier.  The  reinainint;  o\ erweij'ht  picecs 
e.in  he  nioxeil  hy  the  .siiiiie  i-ariier  if  the  o;)eralin<'  speisl  is  iislucis*. 
20-toM  fijiiload  eai>aeity  si'eins  to  Ih'  a  na.sonahh*  niaxiintiHi  noiniiiul  size  for 
oil  r.sploi-ation  tran-siKn-tulUHi  vehirles^  . 

The  load  coin]>ositions  .S4-t  the  dii-k  diniensiniis.  driSlin};  ri«;  reipnres  a 
elear  deck  of  not  loss  than  8  ft.  X  24  ft.  for  the  laree.sl  pieiss  of  machinery. 
Tf  tlu‘  di'ck  is  oidy  24  ft.  loiifi.  •■ml  elearaiuss  must  allow  for  the  overhang 
of  up  to  40  ft.  long  tulmlar  goials. 

.■\t  this  [loiiit  it  ran  Im-  estimated  that  the  vehicle  cannot  he  shorter  than 
43  fl.  nor  liave  a  gross  wi'iglit  of  less  than  ">0  tons.  .\t  least  300  hp.  will  l)c 
reipiired  to  propel  it  through  the  most  commonly  eneonniered  .soil  eomlitions 
at  10  niph  If  dilVerential  track  siisring  were  to  Is-  employed  the  overall 
Vehicle  width  wonhl  have  to  Ih-  ilO  to  do  feet.  This  width  is  nnacee]>lablc  on 
the  basis  of  the  cost  of  clearing  a  wide  lr;iil  and  the  isis!  of  linilding  a  structure 
four  times  the  wiillh  of  the  loads  it  will  carry.  .\ls!i.  the  vehicle  would  have  a 
\  ery  wide  lielly  on  which  it  couhl  easily  «  '  iig-up  »  in  soft  clay  and  muskeg. 

Sitnilar  practical  design  limitations  ha.  .leeit  e.\|K  rieneeil  in  the  evaluation 
and  di'sign  of  oveisnow  vehicle.s.  In  that  media  suhstanlial  progress  toward 
good  iiioliilili  had  already  heeii  made  u.sing  various  folios  of  articulated 
Vehicles Two  or  more  «  hellyless  »  units  «  en  train*  sieen'il  hy  joint  forces 
aiipear  to  ln-st  exploit  the  general  prineiph'  of  articulation.  This  form  of 
articulation  also  apper.rs  to  Im  the  only  one  suitahle  for  ns>  on  large  veliielc.s. 
There  is  no  Utiown  or  eveii  sns|>e.u.d  si/e  limit  to  this  principle. 

Troin  the  foregoitig  it  is  seen  that  at  least  the  tiu'i  jiliology  of  the  vehicle 
has  hi'i'ii  e.st;ihlished  wiilioiu  speeilte  !•  feieiiee  to  the  soil-imposed  limitations. 
Ibiwi'ViT.  the  selection  of  featare,->  is  not  pnielv  ohjeetive.  They  are  suhjeetivo 
on  the  li.isis  of  smcessful  experiem-e  with  lery  simihir  piinei]des  in  other 
soft  media. 

Designing  for  mobility 

a"!  Available  methods.  —  If  the  ineehanies  of  tlie  l  raiisinittal  of  fnrees 
between  the  traek  or  heel  and  the  soil  can  K’  determiiieil,  then  an  optimum 
vehicle  eaii  he  designetl  for  any  s|ieeil!e  soil.  This  is  the  ajiproaeli  llsi'd  in 
laboi’alorx'  i n\'est igal ioiis  and  the  result  Itstpientli'  has  tlu*  disadi anlagi'  of 
being  spi’i'ilie.  .\  leliiele  designed  liy  this  method  >iionld  plodlU-e  optinuim 
ju-rfornianee  whi'n  operating  in  tlie  design  conditions  but  may  he  an  es)K‘eiaily 
imor  pei'foriiter  if  it  is  divi'ieed  from  tluin.  In  addition,  a  cehii-le  desigiUHl 
foroptimnin  mobility  peil'iinnaiiee  may  not  be  morphohigieally  siiitisl  t  i  the 
remainder  of  its  role.  Th.ii  is,  it  may  be  nnable  to  carry  tlie  rocjiii.site  payload 
or,  if  it  <■.■171  earry  the  jiayload.  it  ma\  not  he  ahl:'  to  aeeoiiMHlat.'  the  load  size 
or  eoinjiosition. 
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‘Tln!  fritiral  exiMTiim'iil  iit  «>r  ih'.iv  full  sciiK*  ra.i  ])ro(luce  .siitisfactory 
dt'Htgii  solutions  to  iiHtlHlity  pmhloiitH.  In  iliw  i‘u.s«>  ihi'  tost  work  Ls  oarviod  out 
in  «no  or  scvriiil  n‘«l  onviroiiUM-Mts  niid  sul)st)intiiil  wrifxlit  is  placed  on  the 
inorpliol(»}iical  (*011  forma nc»‘  of  tin*  iiiacliiiu'  with  its  cnvisioiu-il  role.  At  an%'  time 
(luriiit;  the  program  the  raiij'e  «>f  conditions  ran  hi'  cxtcmlrd  incicly  hy  extending 
the  nuinlu'r  of  practical  soils  in  which  the  Ic.sts  are  made. 

The  method  is  quite  simple  to  apjdy.  From  various  sources  and  eousido- 
ratiiuis  a  jm.ssihte  ihMigii  .solution  to  a  s|>«s-ifie  luohilily  prohloiu  is  deduced. 
A  sjMs-iHc  miKlrHeatton  is  then  desigmsl  ami  applietl  to  a  vehicle  of  known 
peilornmius'  and  the  ivsultino  ehange  of  jMrformauce  determined  in  a  brief 
field  test  piMgram.  If  the  espei-ted  is-sull  is  in  I'aet  aehievid  it  is  aeeepted  that 
the  dedueed  sidntion  was  coriss-t. 

This,  method  has  another  ailvaiit.'igc.  Killier  llii'  uiodified  vehielt'  is  a 
prototype  or  onl.v  a  minor  design  step  is  n-quireil  between  the  test  and  proto- 
type  vehicle.  It  is  not  luss-ssary  to  dcsi;.in,  eonstruet  and  evaluate  a  prototype 
ba.si'd  on  sinalbseale.  niixh'l  ilata. 

(‘rilieal  ex|M'riinents  may  also  1h'  UM-d  to  denionst rate  in  general  terms 
the  .soil-impo.si.'il  limits  ti>  the  vehicle  ilesign  wliieb  has  been  i)ntlined  niorplm- 
logii-ally  in  flic  manner  iioti'd  in  the  preceding  section. 

b)  PersonneL  —  Neither  of  the  two  mobility  design  metliods  outlined 
above  aix-  pnrel.>‘  objective.  The  results  i)rixlueed  l).v  a  lerl'nd.^'mnnies  laboratoi'.v 
are  inlltieneed  by  tin?  question  put  to  the  ap))aratns  ami  the  limits  inrpused 
on  the  aiqiarat us.  However,  over  a  period  of  time  ami  alter  the  eonsti'uction 
of  .several  protol,v|ws,  it  slnuiKI  be  possibk*  to  set  praelieal  test  limits  which 
will  eoinpensjite  for  lack  of  objectivity.  The  critical  field  cxiierinient  is  by 
nature  subject ivo. 

It  follows  then  that  hy  cither  method  the  lesulling  vehicle  will  onl.v  be 
as  giHx!  as  the  personnel  engaginl  in  the  pre-di'siga  evaluations.  Kelativel.v 
inexperii'iieed  leehnieians  and  scientists  can  produce  good  data  froai  a  laboratoi'.v 
under  a  skilled  project  director.  Ilowi  ver.  tiu'  field  ti'st  method  imist  he  under 
the  close  direetion  of  the  head  of  the  design  team.  The  test  director  must  know 
spoeifieall.v  what  he  is  .sii-king  and  how  the  is-snlt  will  be  applied  to  the  de.sigu 
of  tl'.e  vehicle,  Ohvionsly  long  experience  and  a  thorungli  umlerstaiuling  of 
the  general  problem  to  Ik*  solved  are  reqniii'il  of  the  personnel  using  the  field 
tost  inelluMl. 


The  critical  experiment  applied 

Hnring  the  summer  .seasons  of  Ifi.'iT  ami  IhoS  critical  exiierimeiits  were 
applvit  to  the  jirublein  of  providing  mobility  in  mmkeg  for  oil  exploration 
veliieles.  The  first  .si-ric.s  of  field  tests  was  ilcsigmd  to  evaluate  and  iml^ro^■e 
the  muskeg  mobility  pi'iTormaiice  of  two  existing  vehicles.  'I'he  gniding 
assunqition  was  that  mn.skeg  responds  to  \ehie!es  snhstaat ially  as  a  classic  .soil. 
Mu'-.keg  trafiieability  data  which  could  be  applied  to  the  design  of  a  famil.v  of 
veliieles  wbieli  would  have  anieh  higher  moh'ditv  lh;ia  these  usi-d  for  the  tests 


wftv  also  MitiKlit.  Basic  to  the  test  iMoirram  was  tlie,  already  existiiiji  knowledge 
of  how  to  improve  vehielc  mobility  in  snow  nnd  that  snow  responds  to  n 
veliiele  substantially  as  a  soil  It  was  then  assoined  lliiit  vehicle  eharaeteiistics 
which  iinprave  iiudjilily  in  snov  would  do  the  same  in  muskeg  if  adeipnite 
sliear  strength  to  provide  propulsion  eould  l>e  made  available  fi-oin  tlu‘  surfaee 
mat  of  the  nuiskeg  hy  <“ontrt>lling  siiikage.  The  test  program  partially  onllined 
ludow  vcrilhsl  these  assumptions. 


LCNGiruOINAl.  POSITION  Of  STATIC  CENTER  OF  GRAVITY 
RELATIVE  TO  CENTER  OF  TRACK  CONTACT 

Kie.  t.  —  SM-.Mit  ear  \vei;;!il  ili'i  rileitjuii  |f>iN.  -  Tisl  siii'eiliriiiiiiii,.:  dutc: 

Is  «mM.  lir’ji  ;  gro'.s  \Tlt’u'le  worcht ;  Ties  ;  lii.'iO  Ih-i.;  ic.-I  Iitclin: 

ly|H*  Kl  *  iiui'k'g;  iioiiiiiial  unit  griMiinI  pro“Mir«;  1.0")  p.s.i.  Xiile;  ro.-ult* 
not  vorria-te.|  I'.ir  >tiitT  oT  I'l-tiirc  ot'  ^jiavilv  ain>  to  ilraol'ar  pull  uIhivy  line 
oT  ml  ion  of  tracks  or  veliicio  trim  angle. 

The  aims  of  the  lii.'tT  t.-si  pnigram  were  ipiitc  modest.  Tlie  two  most 
im|Mietam  of  tlie.s<-  were  to  allempi  lo  .ietermine  the  maximuiu  allowalile  nominal 
eontaet  pressure  liet\seeu  till-  track  and  tlie  oinund  and  to  detcriiiine  tlie  efl'eet 
of  variations  in  the  position  of  the  eeiure  oi  opa\ it.v  of  the  veliiele  with 
r>sp»s-t  to  the  i-eiitrc  of  track  eontaet. 

Tlie  test  Vehicle  was  known  to  he  tail  heioy  and  it  was  therefore  oh\  ions 
that  althoiiL'h  it  liad  a  nominal  eontaet  pie.Nsure  of  1  (ia  i>si  at  least  a  portion 
of  tlie  Inuk  luiist  he  ui>eratiiig  at  a  euusuieinbly  higher  groniul  pressure. 
It  was  therefore  fuiidameiilal  to  the  <li  iviniiaat  ioii  of  the  allov.ahle  nominal 
eontaet  pri  ssiin-  li,  adjust  the  hnal  dist rilie.i  aui  so  that  the  noe'.inal  and  actual 
eonlael  piessiiies  would  he  as  iiea'  K  ji-  possible  the  sam By  ]>laeing  the 
payload  at  various  poiius  on  the  lu.id  dei  h  and  on  a  spi  eial  platform  huilt  in 
ri  iiMt  of  the  V  eliiele  it  Was  po-n-iilde  to  vai  y  the  pe.sitiiin  of  the  eeiitre  of  gravity 
of  the  loaded  vehicle  from  lieliind  the  eeutro  of  the  ii.'iek  contact  to  4" 

•iliead  t'f  that  centre.  The  vehiele's  excess  traction  (,or  drawbar  pulh  was 
measured  ill  eaeh  of  tlie  load  eouditi>ms  mid  vvas  foiiiul  to  ineiease  in  a  str.iiglit 
line  as  till-  eeinie  of  gi'avily  vvas  moved  fni  vv.ird.  i  lus  n  siili  is  >lio\\  n  in  lig.  1. 
Over  the  lest  range  an  improv .•nieiil  .if  in  net  traelioii  was  rieliiev.sl, 

(.)h'ervatio:i  of  the  vebieb'  during  th.il  poriion  of  the  test  program  slismg- 
fhemd  the  assoiiijuion  that  the  nominal  nnit  ground  luessare  limit  could  he 
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incroasoj  from  tlio  tlirii  awopti'd  iiiii\iminii  4»f  2  psi.  Sonu-  tniflfiriihility  tests 
wciv  tliorcfori'  (iiulrrlakcn  :i(  nominal  unit  unniml  pr<s-;nns  of  psi  ami  5  psL 
Hcraiisr  of  I  ho  lai  Ro  vultimo  of  llio  payload  roi|nirod  to  :w-liiov*“  liaso  ground 
l>i<*s.suri's  it  was  not  possihlo  to  oporiito  flio  voliioic*  at  tlio  most  faronrahle 
j)osition  for  th<‘  contro  of  gravity. 

Kvi'ii  at  non  o|)timnni  load  disirilnilioti,  oO  pas.vs  woiv  made  thmiig'i 
iho  same  patli  at  tlio  nominal  i)  psi  groniid  oontact  iinssiins  At  tlio  t*unehision 
of  the  oOth  traviiso  ilio  miisicog  surfaro  mat  was  <Ioj)r>s-u'd  hut  sidtstantinlly 
intaet.  Drawlmr  poll  tost.s  <*otdd  not  !«■  rrmiplotcd  sinc»-  ongino  j)o\vor  was  not 
suffiriont  to  permit  maximum  traction  from  the  tracks  to  U-  cxcisslcd  at  lliw 
contact  pressure. 

The  gross  >t‘hicIo  weight  was  then  increased  to  pro<In<s-  a  nominal  contact 
pressure  of  ">  ]isi.  .Since  the  vehicle,  a  lialf  ton  carrier,  was  gro.ssly  overloaded 
only  n  few  passes  wi  is-  .-iltempicd  in  one  trai-k.  <  thsersation  of  the  lest  gave 
the  iinpressiim  llml  the  mnskeg  could  sustain  at  hast  '2~y  and  prnhahly  50 
or  more  traverses. 

Details  of  the  test  teehiiiipies  ami  results  of  the  IP.'iT  program  were 
the  suhject  of  an  earlier  luildication  *. 

From  this  test  program  it  was  concluded  that  mii'kig  Jiad  inneli  lietter 
tnifneahility  chaiacieristios  than  inan.v  vchich's  had  mmh-  it  appear.  In  setting 
ii])  the  Ih.'uS  program  a  nnmher  of  sle)is  wliii-h  had  :•!  first  hreii  thought 
iiocessiiry  were  eliminated  nn  the  basis  that  the  proldi  tiis  no  longer  apjx'ared 
to  he  tefiain-gem'i ated. 

After  the  initial  assnmjUions  rcgariling  mnskeg  n~"ponse  tn  vehicular 
triiftio  were  \erifi('d  hy  the  test  program  they  were  gcn-rali/ed.  It  was  tenta¬ 
tively  eonehid<‘d  tlnil  informatinn  now  exist. il  on  tli.-  lelationsliips  ammig 
sinkage,  weight  ami  wci;:ht  distrihnlion.  motion  rcsist.-itns-.  allnwahle  gixmitd 
ine.ssure.  (Me.  1'he  second  field  program,  carried  out  in  the  summer  of  10.*)S, 
wa.s  iiiiiu'd  ill  loiifirming  and  extending  the  lirst  \e;ir's  work  nsing  a  hirger 
v.hiele.  In  additinn  I.)  the  vehich'  tr;ieti.m  tests  a  she.ir  vane  was  aj.plied 
to  the  measurement  of  shi'iir  strengths  in  the  mnskeg.  ( teio  rally,  it  svas  shown 
that  iireas  of  high  shear  strength  as  meiistiieil  willi  t’.ic  shear  vjitie  produciHl 
high  net  vehicle  tfiietion  and  vice  .ersa. 

An  elein.iilai'y  ntinly.sis  related  tin*  insl.iiiliineons  .'.t^eii'  ciiitsed  by  the 
shear  vane  to  the  instantaneous  strain  under  Y.irimis  s4giiu:its  of  tlie  veliiole 
track.  A  theoi'”tieal  vehiele  p-'i-formanee  curve  of  similar  s'  .-ipe  to  the  me;isnrtHl 
vehicle  jierfoi  nianee  curve  wiis  olit.iinod.  Tlicnretir.il  jo  rfoi  inanee  w;is  sidw- 
tnntially  higher  than  aetnal.  Although  it  is  mM  suggested  that  a  rigonuis 
eoi’i'clatioii  was  estiililished  it  is  pointed  out  tlnit  gro.-s  theoriMieid  tiiielion 
was  calenliited  win  reiis  ttet  vehiele  traetion  was  meiisnifl.  .V  eompiirison  of 
theoretical  and  iietnal  prrforniiincc  is  sliowii  in  fig.  2. 

Towed  luolion  lesislanee  tests,  tlie  re.stiils  of  which  ius'  loosely  iis-soeiatixl 
with  powered  motion  resistance,  were  ciiiried  out.  Tim  s;na  uf  lowed  motion 
resistance  and  net  traction  was  shown  to  ajiprmieli  the  tieoretienl  traction. 

To  permit  a  more  efl’cetive  spioeU.'t  des-.gn  than  emjdo.M'd  on  the  test 
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tcllcc  (iT  .>ul'liciillt  size  iillil  lliohililv  to  ;ir1  its  ilviiiiliioliirtrl'  \ cliirlc.  'I'hi-  only 
tests  that  ciiulil  111'  l•:ln■i^•ll  out  t laniraltilily  ox  iihiat iuiis  at  tlic  llieu  fated 

S  toll  pay. Iliad.  It  xvas  IuuikI.  lliat  llu-  vi  liiele  had  i  Nei  lleiit  iiinhilil y  and 
iiiaiiiieiix'fahility. 

Siiiee  the  lest  iiHiskeo  railed  to  eliallenee  till*  test  fie's  tlho  term  xehiclo 
is  jiiii  piisely  axoi'led)  aliility  It  wa.s  is-leasi'il  I'lsna  the  test  pine laiii  and  as.>ie|ied 
a  field  foie  as  a  I faiispufiation  xehiele.  So  iiioliiliiy  lailiifes  of  exni  dinii'ullies 
xvefe  elU'Ollliten  d  ill  this  sefx  iee.  Mecliallieal  I'ailllfi  s  Wefi-  tl  equelU  .silU'e  the 
fie  xxas  iifieiiially  intended  to  have  a  lilV  ol’  only  a  lew  weeks  nndef  test 
lield  eondil  ic'iis. 

1'his  test  fie  ^of  lit  Ion  plsitolxpe.  xvas  eNiialidisI  lalef  in  l!'.")S  into  the 
‘JO  Ion  payload  aitienlated  xehiele  named  «M\isk-t)x».  Ininiediately  al'lef 
<'i)iisi  filet  ion  this  veliiele  was  put  into  till!  lield  sefviee  with-mt  testine  of 
evaluation.  The  payloai'l  I'apaeily  at  xvhiell  llie  lield  lest  fesulls  weie  applied 
is  a  pil'd  illdlealioii  ol’  tile  level  of  eolltideliee  plaeed  on  the  ilesien  data 
ohtaiiied  h.x'  the  nielhods  outlined.  Speeitie  eonditioiis  and  assuiii ntions  applied 
In  the  desittn  as  xxell  as  a  des<-fiption  of  tin*  pfinei|)hs  aini  eompuiioiits 
einplo.ved  in  the  veliiele  afe  eiveii  III  ail  eaflief  papef'. 

Till'  «Mnsk.()\».  shown  in  lienee  has  now  Imiii  in  serxiee  dufinut 
two  sunriiier-sea.sons.  I  Is  nndiilily  perfnfiiianis'  and  nn-i-hanii-al  l  eliahilil.v  haxo 
hoeii  oiilslaiidinir  in  all  ofeaiiie  and  ininei-al  teifaiiis  eiieoiuitefed. 
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Sumaiar^  of  method 

Tile  design  oiethiKl  oiitliiieil  in  tliis  rejim-t  is  ns  sii:  ./le  ns  it  is  successful. 
Basically,  it  w  i-iiniiMisi-il  nf  tlie  folluwiiijf  steps. 

1)  Identify  the  rule  of  the  vi-hiele  .leeurntely  in  tii'iiis  of  mobility  and 

fiinctiuo. 

tfl  Kslalilish  the  rantre  of  conditions  through  wliicli  the  vehicle  \ei!l 
Ix'  isHpurisl  to  o]M-i':ile  nlitl  then  ilctermine : 

a)  iIk-  allowable  nominal  (iromul  loiilnct  pressure  for  tlie  sof- 
ti'st  terrain; 

h)  the  |Mj\vi-r  r<'*|uircntent  for  the  hi^jlicsi  unit  ion  resisliiiue  lerrniii;  nud, 
e)  the  striielural  iu;:;redness  rei|uireil  in  the  mnehine  for  the  rou;;hesl 

terrain. 

31  (.'mnluet  siiflieient  field  work  with  exist ino  veliiele.s  to  establish  tlic 
feasibility  of  lh<-  solution  outlined  from  tlie  results  of  1)  iiiul  2)  above. 

-I)  Desiftii  and  eonstrnet  a  prototype  \eliifle  atid  ii))i)ly  it  to  the  field 
service.  l*roviii>r  oround  evaluation  dors  not  duplicate  fii  ld  eonditious  and  is 
tiierefore  tiot  a  ustU'iil  development  step. 

It  is  tiiosi  important  to  note  that  |irimary  eonsideration  is  placed  on 
the  fact  that  every  vehiele  is  terrnin-liiiiiti'd  and  morjilioloiiienl  cliaraeteristic.s 
must  Ik*  reismeiled  with  Ixitli  terrain  rmiitiitions  and  the  vehicle’s  operntioiinl 
role  throu;'h  that  terrain.  In  view  of  this  predoniiiuinee  of  terrain  nvir  ineelia- 
nieal  limitations  the  vehicle  solution  may  lie  considered  ;'e!ieral.  For  exnniple, 
the  *  Musk-Ox  »  is  a  vehiele  of  .')4  tons  "ross  wei;:lil  wliii  h  is  mobile  iu  a  very 
larne  variety  of  muske"s.  It  is  ipiite  iiiciihiital  tliat  tins  is  a  transportation 
vehiele.  It  <-ould  just  a.<  easily  1h-  a  lijilitiii-;  veliiele  on  wliieb  20  tons  of  armor 
and  ariiinmeiit  would  ivplnci*  the  payload. 

In  determining!  the  ability  of  muskeg  to  sii|tpoit  veliieular  Iraffie  the 
Work  was  done  in  such  a  way  as  to  be  eai>al)le  e.f  very  wide  oeiierali/atiou. 
Tlii.s  was  aeisimplished  by  minimising  the  use  of  tests  which  ^rivo  specific 
information.  Tlieirfore  allliou;!h  the  test  work  was  done  in  only  a  few  of  the 
mnske.!!  type.s  fouml  in  the  Western  Sedimentary  Basin  of  Canada  tlie  tindiiios 
will  Ik*  applicable  to  all  muskeus  wbieli  oi-<ur  in  areas  of  similar  elimatolooy. 
The  innskeps  within  this  elimatolopieal  repinii-  will  oeetir  in  norllieastern 
Canada,  nortliiTn  Knrope  and  .\sia  ami  sontlierii  .South  America.  This  does 
not  say  that  the  vehirle's  imi.skep  pi-rformanee  will  lie  identical  in  every  inuskep 
foutid  throuplmnt  the  world.  It  .vays  inrrely  that  a  \eliiele  with  a  siilistant ial 
mu.skep  eapabiliiy  in  northwestern  Canada  will  have  a  similar  muskei!  enjia- 
bility  ill  any  other  poiprajihical  area  wiili  a]tpro.\imately  eiiiiivaleiit  eliinatolopy. 
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N.  W.  RADFORTH.  --  Mr.  (‘liainiiMii,  1  lor  niiiuiiriiii:  njiain,  but 

of  tho  lintuio  ol  your  iiMiimcliIs,  .'.ir,  wliirh  tluit  )m:ily.<oj  of 

tho'O  two  pajior.-*  .shoubl  bo  in  .-oiiic  ilfoioo  lOiisiilcrcMl  loooibi-i.  I  fool  that  llio 
followiiiy;  iciuiirks  jiro  ;i;>i'roj>i iatr.  Witli  nvutii  to  .Mr.  Tlioiiison’s  prosoiiliitioii. 

1  ciin  ?yiy,  n,  n  r!'<iill  of  tin-  .loin  ilmt  Iio  Inis  |>ro.<oiili'<l  from  tiiiip  to  time,  nml 

ll.s  il  result  of  llis  t»‘Sts.  wo  Ii;.ve  u  veliiele  uliirh  e;iii  elTeet ively  trilVer.se  a  larj;e 
lieri'eulU'.;e  of  oto-mie  terrnin.  1  niii-I  <iu|iliusi/e  lliat  I  iiieiiii  oivuiiie  teliaiii  wlieiever 
it  exist.s  over  the  .surfnec  ot  the  laiib  —  iiut  .just  iu  (  iiiiuilu. 

It  i.s  jMi.'sible  to  jiieilii'l.  ;iiiii  .Ml'.  Tluuu'on  luis  elieillvely  iloiie  tills,  the 

res|ioM.se  of  the  vetnele  to  the  teriiiiii  in  leniis  of  luulu'etiii;;  —  not  only  in  terms 
ol  whether  jiu  <i|iei';itioii  will  .'le.eeil,  or  u.s  to  ulietlu  r  it  .sluill  sueeeeil  in  this  wny 
or  tliiit  wny.  I  think  tiint  tlii-.  i-  a  \eiy  mlvnneeil  .step  iiuh-eil,  :iml  I  must  coiiorn- 
tiilnlo  .Mr.  TUoiiison  in  this  r<-|M-et.  lie  luis  .'•hown  lliut  by  . oiisiilei iiiir  the  veliiele 
iiiiil  trrniiii  tii.itether,  tlie  eo>t  of  eeilniii  ojn'int  ions  eiiii  be  preilieleil  oiiee  the  iintiire 
of  tile  operiilion  lin.s  been  ilr'i'.;iijil.sl. 

Tills  enii  be  ibme  lielon-  nny  \eliielc  is  sent  out,  niul  often  before  any 

on-lbe-)jroniu!  renniiini'siiine.  I.y  eMuuiimtimi,  inituilly,  of  nir  pliotoLTniplis. 
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Relation  of  shape  of  track  shoes  to  tractive  force 
of  the  crawler-type  tractor  on  peat  soil 

Relazione  tra  la  forma  dei  pattini  del  cingolo 
e  lo  sforzo  di  trazione  dei  trattori  cingolc^ti 
su  terreno  cedevole 

S.  Tsunkm  MSI' •)  -  K.  Matsi'i  ••) 


ABSTRACT.  —  The  crawter-typr  tractors  cquiped  with  tcide  tracks  have  been 
adapted  to  swarnpy  soils  such  rn  Oif  pcaf.  yroitnd  in  Hokkaido  The  frncfci  are  effective 
tor  reducing  the  rate  of  .^inking  on  suih  loose  type  soils.  The  flat  trcck  shoes  having 
the  comer tionat  lugs  tend  to  cut  and  strip  the  surface  of  the  ground,  causing  the 
deceases  of  traction  force.  Thus,  it  has  become  rery  important  to  design  the  most 
effective  shape  of  track  shoes. 

from  this  view  point,  this  invr.itigatioiis  were  carried  out  to  determine  the  relation 
of  the  shape  of  track  shoes  to  the  traction  force  of  tractor.  This  jxiiier  summarizes 
several  erperiments  on  the  traction  force  of  ti‘0  tractors,  trailing  a  ditcher  plow, 
ordinary  moldhocd  plow,  harrow  and  trailer  on  the  peat  soil  in  Hokkaido. 

Three  types  of  shoes  were  tested  for  the  ejperiments.  The  first  type  of  shoes  had 
triangular  Cross  sections.  The  cross  sections  of  the  second  type  of  slu-es  were  a  little 
different  from  that  of  first  tvfse  of  shoes,  because  they  were  welded  ulth  .surplus  metal 
along  one  edge  of  each  shoes.  The  third  shoes  had  semi  round  cross  sections. 

These  three  shoes  were  rcsps’ctiicly,  named  a-shoes.  b-shoes  and  c-shoes  (n  this  paper. 

The  conclusions  obtained  from  these  studie.s  were  as  follows: 

11  The  mn.nmu’i  traction  force  were  kj',  of  the  tractor  weight  for  the  a-  and 

b-shoes.  The  trend  of  culling  and  stripping  the  soil  surface  for  the  b-shor-s  was  larger 

than  that  for  the  a-shcr.s.  This  trend  for  c-shoes  was  smaller  than  that  for  a-  and 

b-shoes,  while  the  marimum  traction  force  of  c-shocs  was  7$ry  qj  ihe  tractor  weight 

and  it  was  smaller  than  that  of  a-shoes. 

2)  The  traction  force  on  the  stripped  slirfc.ee  was  largely  dCcrCGu'd.  comparing 
with  that  on  the  unstripped  surface.  The  dt'cre.tsing  rate  of  traction  force  was 
VToportional  to  the  stripping  depth  of  the  soil  surface. 

The  influences  of  the  shops'  of  track  shoes  on  the  traction  force  were  struiH  for 
the  stripped  ground.  Samely.  for  all  the  shape  of  shoes,  the  maximum  t, 'action  force 
were,  respccliccly,  iO  and  65  of  the  traction  weight  on  the  li  cm  and  10  cm 
stripped  ground. 


L._. 


Introduction 

Tin-  lu'.lldor.i'r  is  mu-  <>l’  llic  olYi'ctivo  in;ii'liiiu's  for  inililir  works  aiui 
is  widi'ly  tisi'il  on  peat  soil  in  lli  kUaii'.o,  .!a|>aii.  However  tlu-re  are  several 
prolileiiis  in  iinreasini:  its  trn-tixs'  force,  lieeansc  t>t'  tlie  sitceial  physical 
]>ropei'tic.s  of  jicat  soil.  SneU  factors  as  uvakness  of  piv.ssm’c  re.sisle.iioc,  hiRli 

Hoa‘1,  iV'pt.  of  Agru  iill oral  Marhincry,  I’acnlly  of  Ajiru*ull  un*  MokKaido  V  ni 
vrr^ily,  Snppiiro,  Japan. 

••)  V'nriihy  of  Agriciiituie,  lloklaiilo  rnivpr'»ity,  Srtpporo,  Japan. 


wjitor  ctiiitt'iit,  i‘(‘s'uhial  iload  plants,  rtt*.  sm*  not  favonmlil**  in  thi-  iis<*  of  the 
I'opular  ti;u‘k  sIkk’s  of  a  InilltloziT.  I'siially,  wide  track  sIhhn  have  Itecn  used 
to  rodiicc  the  teiuTciiey  of  t)\iIldozei'>i  to  sink  into  soil  such  as  loose  peat  soil. 
Tliere  are  sovend  cfl'eetive  special -ly|>i‘  ti-iek  slnx's  clcsi^eil  so  as  to  prevent 
a  side  sli|t  of  tracks,  and  slu-arin^  and  stri|>pin('  of  soil  surface  on  tins 
ty|H‘  of  soil. 


Pip.  1.  —  Tc^l 


I'lie  pre.scut  pii|)cr  reports  the  results  of  tests  on  the  traetive  furee  of 
tliree  types  of  the  traek  slnas  in  eonneetion  with  eojclitions  of  soil  surface 
and  the  position  of  the  center  of  eravity  of  tlie  tractor. 

Method  of  the  tests 

1)  Tnii  lnr.s  inul  tnnk  ,v/i«r.s.  ---  Two  traetors,  N'  and  K  were  vised  for 
llie.se  tests,  and  they  were  eipiipiietl  with  the  sjieeial  wide  t.-aek  sIkh-s  desiirned 
h.v  tlie  mamifaetnrer  for  the  purpose  of  dcereasiii';  the  pressun'  of  ;^rouiul 
eoiitaet,  instead  of  the  regular  type  shoes.  Tlie  width  of  tlie  njiular  and  sin'i'ial 
traek  shoes  were  40  ein.  and  SO  em..  resjieetively,  for  K-lraeior.  and  133  cm. 
and  TG  cm.  for  the  N-traetor.  The  inessiire  of  ;;ro\uid  eontaet  of  Ixith  tvaetcr 
eipiiiipc'd  with  the  reijidar  Iraik  .sliois  was  0,11  Imwev*  r  that  of  the 

K-  and  N-lraeiors  dem-eased.  respeet ively,  to  0,3')  K^./ein-  and  0,t*l  Kcr./ciid 
with  the  special  traek  shoes.  The  ihne  t\ pes  of  traek  shix-s  are  shown  in  ti".  1, 


ft-  ntul  bshiM-s  1k‘1uiih  to  tho  N-trnrtor  i‘-sluit's  Itchiii"  to  llio  K-tnii'tor. 
Though  the  a-slio«‘s  fovin  a  trhiiiglo  sirtioii,  iIkmh'  is  a  si)i‘ciiil  ftgurt'  at  the 
point  of  the  siioos  ns  shown  in  fig.  1.  Tlie  sh:i)if  of  this  jxtint  was  I'oi'inod 
hy  welded  stis-I.  Tl\e  outline  of  the  l>-sh<M‘s  is  almost  found,  and  their  sliape 
wns  desigii*sl  taking  itito  eoiisidei-ation  the  I'aet  that  peat  liber  would  not  be 
eut  by  the  |M»iiit  of  the  sho*'s.  Another  speeial  feature  of  the  b-sluK's  was  that 
they  ovcr-IapiMsl  alnnit  o  with  next  shoe.  This  la])ping  was  effective  in 
jiivveiitiug  soil  from  emuing  out  IxUwis-n  the  shtHS,  and  in  decreasing  the 
pressuix*  of  ground  rsmtaet.  The  e-sluss  of  the  K-lraetor  were  in  the  form 
of  ft  right  angle  Isosceles  triangle. 


T.tai.r.  1.  — 

Spt't'tfii'ttfio. 

w  test 

hiiUilo:ers. 

K'Uftctor 

K  tractor 

saofti 

WtDCk 

Skeol 

I.engih  (inm) 

STfiO 

Width  (inin) 

.tl.'ii) 

2.i(J2 

Height  (luin) 

2a94 

Weight  (kg) 

aaloH-s 

u  ith 

tnaiH) 

e  shoes 

7o20 

t>'.*h(ie.s 

ilh 

lOL'dO 

tisUoes 

without 

fi.saa 

Width  (if  track  -Ices  (lani) 

.S((a 

TOO 

I.eagih  (if  th('  ground  eoiitiiri  (mu(j 

S.'isO 

2140 

Tread  (inin) 

ddad 

1C30 

Prei'urc  of  the  cr(((ind  <i(nta('l 

a  shoe.s 

with 

ft.^li 

e shoes 

0.21 

(kg/rui) 

li  xlioos 

with 

n.-yt 

l.>li.ies 

M  it  hout 

0.24 

lllado,  width  >  height  (mia) 

.Tl.'iOXTOO 

Itateil  II.P. 

',ri 

4(1 

The  K-traetor  was  c<i'»tppeil  with  a  wincli  drum  at  the  rear  end  of  the 
body,  aitd  the  center  of  gravity  vv.as  located  II  <’in.  heliinil  the  center  of 
tlie  wliole  Iraek  hniglh  in  eonlael  with  the  earth,  i.e.  Is'lween  the  front  wheel 
shaft  and  the  I'l'ar  tlriviiig  wheel  shaft.  Wlieti  the  wiiieli  was  tiiken  away, 
the  eenter  of  gravity  moved  forward  idauii  S  ein..  and  was  at  about  the  center 
of  the  tractor.  Table  f  shows  the  main  speeifn-aliotis  of  both  tractors.  Tlie 
roa.son  that  there  was  some  difference  in  the  weight  of  the  N-tra.etor  in  this 
table  was  due  to  the  difl'erenee  of  the  track  .shoes. 

2)  Siiit  con<!iHo)i.f.  —  The  tests  were  earried  out  on  lower  pent  soil  at 
Shinot.su  village  msir  Sapporo  in  Jlokkaiilo.  The  .section  of  ground  is  shown 
in  tig.  2.  The  soil  was  very  moist,  asid  was  covered  with  m.nrsh-reed  and 
hor.se  tail.  The  toj)  laver  consisted  of  the  root  or  rlii/omo  of  those  plants. 


—  ISG  — 


The  soil  romlilions  eoiihl  In'  ilivi<lcil  into  the  followiiif;  four  typos.  TItc  A-  and 
B-  itiriditums  wvtv  jnsi  ol'  llio  sini'nco  ol‘  tin-  soil,  liowrvcr  tlu-io  was  difFort'nee 
in  level  of  tnider^nmnd  water  in  eneii  ease.  T}»e  iieiftht  of  undor*rroitnd 
wsis  iilMiiit  '*4  ein.  in  th«‘  .\-eoii<liliiin.  aiiil  (Mil.  in  llie  B-eonditioii.  The  water 
(Mintent  of  the  U  (sunlit ion  was  lower  than  tliat  of  tin-  A-ooinlition  ns  shown 
in  table  2.  The  ('-eondilioii  was  alioiit  10  em.  iitnhr  the  H coiulition,  and 
it  was  jirepaivd  hy  stripping;  the  surface  layer  of  llie  H-comlitioii  by  a  Inill- 
ilo/er.  The  D-eoinlition.  was  iiIhuiI  I'l  eiii.  iinder  the  ( ’-coiulition,  and  it  was 
softest  of  the  four  conditions.  Some  physical  ehaiaeleristies  of  these  tost  places 
an*  shown  in  table  i. 
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Mflhinl<iln!nj  of  the  test*.  —  Uy  inciisiirinfr  tli''  tractive  foite  and 
slipput:*'  at  llic  siiiiio  tiin*',  tin*  inllumi-o  of  tlic  soil  cinulition  and  the  shape 
of  the  IfiU'k  sIkh's  on  (he.  tniclive  fon-e  weiv  tested  witl>  the  K-traotor  CHjuippcd 
with  the  wiiieh.  For  this  test,  a-  and  h-shm-s  wei'e  iistsl,  and  tlie  soil  coiidition5», 
A,  n,  r.  and  1)  iDiidition  were  "iven  for  a  shoes,  and  tlieii  H-  and  D-eondition 
wore  seleeted  for  h-slioes.  To  delt  rinine  the  inllueiue  of  the  position  of  the 


eentcr  of  pravily  on  tlie  traelive  force,  the  K-traelnr,  c'nuiiiped  with  b-slioes, 
and  williout  t!te  wiiieh  drum  was  umi!  on  U-  and  (  conditions.  1  ho  \atne 
of  the  tractive  force  under  liolli  eondilions.  e<jnij)]u'd  wiili  and  witliout  the 
winoh  would  Iv  eoiupared  in  diseiissino  tin-  inlluenee  of  the  eenler  of  gravity. 

Foi-  tlie  N-traetor,  tlie  inasiinum  tia.'livi'  force  was  measnreil  on  llio 
C-<-onditioii. 

Another  liulldo/i'r  wa.s  used  as  a  load  tractor  lor  tile  te'st  trac’lors.  T  lie 
various  load  were  provided  l>y  adjustiao  tlie  eiioioe  and  foot  lirake,  and  the 
Made  of  the-  load  tract. ir.  Tlic  pedlino  of  the  trac'.or  was  done  carefully  so 
as  not  to  add  the  verlieal  load  on  I  Ik-  track  siuies.  Mie  Iraelor  was  in  tii^t 
iroac  anil  till-  llimtlle  lever  was  set  at  full  speci. 


—  ISH  — 


Results  and  disciusion 

Till'  n-Mills  of  till'  tests  iiiv  MiiiHiii  i  izeil  in  (5}r.  2  .-m  l  tjihle  3.  The  ninximuni 
tractive  force,  jiikI  the  tractive  fons'  aiul  the  i-iM-fieieiit  of  traction  at  16 /f 
.sli|>|)ii('e  t;ivcu  hy  fitt-  -  nn*  shown  in  tahlc  3. 


l.inLi;  S.  —  ttf  the  tt*t.<. 
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1)  Thr  iiifliKin  f  Ilf  till  Suit  I  iiiiillfi'iiis  nil  llir  tnii  tirf  fiirvr.  —  In  ease 
of  tlio  ti.ntna!  surface  (A-  ainl  If  comlit ioni.  the  anionnt  of  umlereroiiiid 
water  cmilctit  infruciiceij  on  t!ie  tractive  force  as  slowii  hy  the  eoiiiparison 
liclween  No.  1  ami  Xo.  2  of  lahK-  3.  St<»j>]>a'.:e  of  tlic  tractor  eneinc  noted 
in  No.  J  was  a  special  case,  due  to  sonic  ti'ahle  tl’.c  ten’I  mv/.K'.  The 

niaxiinnm  coci'uicnt  of  traction  on  the  surface  of  tliis  pce.t  soil  was  a  little 
sinaller  than  that  of  70 -Sd'ii  '  on  a  coainion  soil  snt  iaec.  lloweier,  the  fact 
that  tliese  relatively  oood  values  were  ohtained  wa.s  to  tlu'  cliiH't  ot  the 

special  track  she/cs. 

On  the  other  hainl,  a  decreasi-  in  ihi'  tractive  force  on  the  stripped  tri'ouiul 
face  (C-  .iml  It  coiniilioii'i  was  c\  idciit  as  shown  In'  N’o.  4,  a,  ami  0  in  table  3. 
And  also,  it  was  a  \ci-y  iiiieicstiii.i'  jioint  that  the  ihcper  tlie  tractive  force 
became.  This  icsiili  can  he  jnslilicd  In  coia|iar,.son  with  the  report  ol  .Manai  ^ 
that  the  strength  of  peat  soil  dccrc.iscs  more  and  iniU'c  aecordiii!'  to  increasin'; 
depth  fioiii  ihi'  surface  of  cround.  't  his  is  one  of  the  :;o]ioetant  eharaeteristii's 
of  ]ieat  soil.  The  ahovc  iinnlioned  fai'l  shows  that  tractors  or  hnlldozers 
fravclinj;  on  peat  soil  must  he  c'|nippcd  witli  spt  cial  track  shoes  tlcsijrncd 
so  as  Hot  to  destian  or  strip  the  n.itnral  loji  surface  of  the  soil.  Likewise 
tlie  travel  of  a  tractor  should  not  he  rcjuatcd  on  the  .'ainc  phue,  if  |K)ssible. 


*2)  77i(  tiifliH  iicf  nf  tJii  shiiitf  of  thi  Init  l,  .chntx  on  th(  tnn  tiic  force.  — 
Ttio  i’»'sii?ts  of  fho  nil  :i-  niitl  Ii-sIhm-s  shuwiil  thiit  tl'.c  CDi'ficicnt  cf 

ti':ictU)U  (if  ji-n1hk's  m;im  2-4^?  ^ii«-tii:it  valiio  of  tin*  of  Irai-tioii) 

liitihor  lliaii  of  h-slioi's  on  It-  aiul  l>-i-«)ii(Iit inns.  Tliis  could  !>i' 

i'X)i!aiiU'd  mi  the  Iiasis  Mint  lli*“  jirca  of  llu*  soil  of  a-sliocs  which 

existed  Ih'tve.i-ii  the  pcojectious  of  shoes  adjoinin';  oai-li  olhef,  was  wider  lhan 
that  of  hsli'Ms.  tt  was  assiiiiiisl  for  IcsIum-s  that  the  cui\ed  suifaccs  mar 
the  projections  of  the  shot's  just  trafislatisl  the  friction  force  hclweeii  the 
face  of  the  slims  and  the  peat  soil  to  the  traetiv*-  foris'.  The  tia\cliii;.  l csistatlccs 
of  these  two  shoes  on  j)c;it  soil  wi  c.  rather  siualli  r  than  that  on  coiioaon  soil, 
as  shown  in  tahlc  4.  Also,  a  diiTereiwe  of  iiavclino  icsisi.nice  latwicn  ilu-se 
shoes  was  not  evident.  Theisfore  it  ts  not  in-cessiiiy  to  disiuss  the  travciint; 
resist jntee  of  these  slioes.  h'or  the  almVi'  lil'lltioiievl  rciisoli.  it  is  iiinclniled 
that  in  cein  ial  traeU  shoes  havin'.;  a  wiilcr  sli'ai'inii  area  ate  In-ttir  on  jieat 
soil,  tine  ot  the  we.ak  points  ol  the  a -shots  was  that  tile  Wchl'-'l  steel  at 
the  point  hii'l  t'-nd'  lle.V  to  strip  the  t*ip  lace  of  jM-at  soil,  This  shape  sliolll'l 
he  improved. 

I.vai.r.  4.  —  /t< /.(/eiic// /yj  tuliltitt  .stiilyjc  of  t  Ito  k  s/eo  s  ini>l  tiin'ilnnr 

pl.S  in  ,  .  syiC(  i1}. 
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'?)  inflninn  of  (hr  //»/si7ioji  of  tin  liter  of  (/rnrify  on  llie  trrntii  f 

forci'.  —  Tin-  inlhniiee  of  the  position  of  the  center  of  oravil.v  on  the  tractive 
f'Mce  on  feesli  soil  eoiiditions  fii-conditioa)  c;m  he  ilhist  rati  il  hy  a  comparison 
of  No.  d  and  No.  7  in  ttihle  The  tr.iclive  fove  of  the  ttaetor  e(|nippeil 

with  the  winch  was  lower  Ihtin  that  of  the  ti.ietor  without  the  witic  h.  B.v 
analo'.;.v  the  s,imi'  selat ioiislup  on  the  stripped  stiil  conditions  cati  hv  denmns- 
Irated  1,.\  the  values  in  N'i>.  I-.'',  ainl  No.  .'»  ■  ti  of  t.dile  il.  The  teason  thtit 
lliese  results  vvre  ohtali.i’il  w.is  dile  to  the  fad  that  the  tractor  with  the  winch 
tiited  h.iekwaf'l.  'I'lie  Ira'-lor  traveleil  in  the  position  of  eliiuhinu  up  a  sloi>. 
However,  tla-  ii.u'tor  without  till-  winch  niaint.uned  a  level  position,  ami  all 
ftiees  of  the  traeU  shoes  pressed  iiniforial.v  .lu.iinst  the  soil.  The  fact  llnit 
there  was  a  dilVereto'e  of  ,’'-10 in  the  eoelieielit  of  traetion  title  to  the  sli'jht 
differenee  in  tile  position  'if  the  c-nter  of  '.;r.ivit.v.  Thus,  the  position  of  the 
eeiiter  of  'gravity  is  more  iiuporlani  than  the  shape  of  the  shoes.  The  traetive 
foree  uf  the  .N  ir.ieior  was  hiijh  as  shown  in  No.  h  of  lahle  d.  This  value  wa.s 
^iveii  hy  the  ilesieij  to  posttimi  the  center  of  i;ravi!.v  at  the  center  of  the  tr:. 
as  iietif  as  lio'sihle,  in  addition  to  a  eonsidertilioii  of  the  shatie  of  the  si 


anil  tho  pivssnii>  nf  contiict.  lii  lo^iiid  to  tlie  iiifluciioc  ot  the  position 

of  the  t-tMiler  of  <;i'jivity,  KiihtU'i-  luis  sltUed  tliat  it  Iintl  iiuu-li  iiillucneo  on  the 
tractive  force  on  sinnly  soil.  The  position  of  the  center  of  (jravity  is  csi)ecially 
ini|Mirtaiit  o)j  soft  soil  such  jis  peat  soil.  When  tlic  center  of  gravity  is  located 
too  far  forwiinl.  the  fnuit  of  ii-.ictor  sink  deeper  than  the  rear  end.  Therefore, 
the  traveliii"  r«-sistain-«*  iiieiea.es.  On  the  otlier  hand,  if  tlie  center  of  ejravity 
Ls  pul  too  tar  to  tlie  n-ar,  the  traelor  tends  to  travel  in  a  position  as  if  eliinl)in(? 
a  slop.  Thus  the  nuiiiiteiiance  of  a  level  )Misitiun  of  tractors  is  very  iinportuut. 

Conclusion 

Kroiii  the  results  of  the  tests  on  the  traclice  fo'ee  of  tractors  on  pent  soil, 
the  tractive  force  v.as  foinul  to  he  inlliieiieed  hy  the  water  content  of  peat  soil 
which  hat'  a  <-losc  relationship  with  the  lieifiht  of  uinli  i^'rmind  water.  The  depth 
of  stripiuil  soil  also  inllucneisl  in  the  tractive  foriT.  As  to  the  type  of  the 
shiH's,  it  was  found  that  a-shoos  were  superior  to  b-sho«'s  under  any  soil  condition. 
The*  track  sIhh^s  shotihl  have  a  shajie  that  dors  not  striji  the  natural  soil  surface. 
Also,  they  should  have  a  soil  sheariiij;  area  as  wide  as  pussihlc.  The  position 
of  the  center  of  gravity  shiiuld  also  he  eonsideritl.  hreausc  it  had  a  close 
relationshiii  with  the  tractive  force.  When  a  tractor  or  hiilldo/.er  was  equipped 
with  efficient  SIKH’S  and  the  position  of  the  renter  of  gravity  was  correct,  it 
was  i>os,sihlc  to  inerensi'  the  inaxiimiin  ciM'flclent  of  traction  as  hi;;h  as  8.’>  ^ 
on  the  li-eoiidition  niul  G5-70  on  llic  I ’-condition. 

These  factui-s  of  the  center  of  uravily  and  the  shape  of  the  track  .shoes 
are  iinjKirtant  to  inerca.se  the  ciM'flieient  of  li'aelion  for  lield  works,  siicli  as 
plowui}»  and  diskints,  etc, 
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/)  /  eS  c  r  s  s  i  0  \  s 

N.  W.  RADFORTH.  -  It  is  cncoorn^iiii;  to  learn  of  niteiiipts  to  reliitr  irn'ilmnica! 
n.spoi-ts  of  track  units  to  RfHilicnt  of  difTerr.K’c  in  peat  (the  f.issilir.fl  element  in  orpanic 
terrain).  Tlieie  is  luvcnce  in  eonnoelion  with  prncnriiip  illa.^trative  lesnlt  for  ]n'al-dea])th 
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{;m(lipiils  mill  wiilpr  ninti-iit  ililTrrrmr.  Tlir  (iiiiiiititntivr  iiit'iiriiiiitiiin  avnilnlilo  in  tliw 
nt'onint  sonis  as  n  iiscliil  t'liiiiiilaliiin  for  fiilnro  niiiilv>is.  Tli<‘  ii|i|>rcmrli  to  tlic  pmhlcm 
by  ilcnliiit:  willi:  1)  inlbu'iiic  of  >«>il  roiuVitioiis;  '2)  inPiicnro  of  slinpo  of  trnrk  shoes; 
11)  iathioiic  of  position  of  cfnlor  of  univily  on  Irmtivc  func  is  fninlninciital  and 
nsofiil  tu  ns. 

In  Irnfliialiilily  problems  of  peat  1  have  lonnil  it  is  important  to  know  whether 
the  ori};innl  peat  siirfnee  lias  Ims-ii  rehabilitated  thus  ihaiitrinc  tlie  striietnral  robitions 
llinl  would  have  lypilied  the  |M-al  under  iiiilnnil  eir< aiiistanees.  the  reed,  horse-tail 

e«»vrr  priniars'  or  sprondnrj'! 

.Also  under  soil  eoiiilil ions,  .-.ofl oess  ol  the  ordi-r  shown  I'nr  c  ])  »  soil  tvpc  is  not 
nlwii,vs  exporieiii  ed  as  lieiii);  low  :i'  t  oiopared  v. '-'li  the  to|i  laiyer.  My  own  c.\))erien(  e 
is  that  pent  strufture  dilTers  as  to  rtieie^tli  or  hanie--  moreso  in  the  horiruntal  dimension 
than  in  the  vertieal.  Are  the  .\nlhiiis  alih-  to  loiieiir  with  this!  Arc  they  ismeerntsl 
onl,V  with  .so-ralled  a'_'neiill iirnl  peatsf 

In  oAiievinj;  nioliility  to  TO-sO^;  elTertivein"  of  ihi'  ii>iill  on  a  lomnnin  soil  eati 
this  in  fiu’t  l*e  nltiilmled  to  tavooralile  etlerl  of  spenal  Iriok  >lioes  or  to  a  ;;c>od  pent 
t.V|>e  foHilil.iiisly  elioseii.'  It  i.-  aoliiipaled  h.  the  iiinimenlalor  that  the  »a-sho<s> 
would  in  faet  not  strip  the  top  fai-e  of  peal  moI  if  the  latter  is  ver,v  wood,v  ns  is  often 
the  ease,  lias  tlii.s  shoe  been  eNaiiiiiieil  for  all  eoai'O  pc-ats?  It  niiobl  bo  nmikeilly  ii-efnl 
nnd  not  inap|ir<iprinte  as  elnimed. 

Tlie  eeator  of  gravity  wieh  few  (  Xi  options  ebanye>  \iboii  wineli  ueliiiti  is  applidl, 
ns  the  Author  iadii-ates.  Synehreiii/alion  of  winih  ami  Iraek  spied  oliviiile.s  this 
dillicnlfy. 

A.s  a  eoinment  on  the  eoinlnsion  of  this  paper  the  .\ullioi  may  lie  interested  to 
know  that  in  .some  of  our  eate;;ories  of  (.’aimdian  peal  sheer  sinainlh  iiurenses  with 
depth,  eontrary  to  eoinmon  nnderstaadiinr. 

D.  GIACOSA.  —  K‘  altiinala  la  serie  di  rela/ioni  prevlsln  lar  il  ]>rinio  pioriio 
del  I'oiiveirno.  I’oiehe  non  sono  .-tali  rieliie-ii  aliri  ialeneiiti  e  mm  vodo  aUimo  fnrsi 
nviinti.  In  rinnioiie  ha  tenniae. 

I’nrtrotipo  e  niamala  la  pre-s-iitazione  di  de.e  rela/.ioiii  aiallo  inleri'-sanli.  I.a  rein- 
/.ione  di  .Mr.  'fluniison  o  umlla  di  Mr.  Tsuiaenaf-n  ehe  avrelihero  eompletato  il  (piadro 
ei'inprimdeiite  i  namero-i  e  eoniplessi  prohlemi  del  uinsimr'.ilo  I'uori  stnnla  ml  easo 
parlieolnre  del  terreno  oiuanieo. 

Tnite  le  reln'ioni  I'le-enlate  owi  -ono  stale  iiileie— ant i  e  nreritereblurii  an  nmiiio 
eoannenlo.  I'oinc  eo-lrntlore  di  veieoli  peii-o  ehe  ilale  le  vnonni  differei./e  Ira  le 
eonlijrnra.'ioni  del  terreno  e  le  eaialteri-lieho  del  -imlo  sia  e-l  reniaie.onle  dillieile  e 
for-e  nddiriltnra  im]io"ilale  realii'/arr  nn  veieolo  »)ie  a  aadaie  sir  tniti  i  tci  reni. 
K'  neeossario  jier  o^rni  lerreiio  preparnre  il  veindo  ehe  me;;lio  si  ndiilti  al  penero  di 
ojierii/.ioni  rlie  sii  i|iiel  pailieohiie  terre'  o  dive  roiiipiere.  K'  vein  elir  nlemie  eomli/.ioni 
sono  eoimmi  a  tntti  i  vviioti  ehe  derono  a;ziie  fiiori  -Inida;  i|ar.-te  eimdi/'.ioni,  hen  note, 
sono  In  piii  ba— a  |io--iliilo  ]irr— ione  s|>ri  iliea  sid  leri  eno  e  iiiia  piusla  po.si/.ionc  del 
i-eiilro  di  pravite  nei  eoiifroiiti  della  .siipoftieie  di  iimtallo  eol  smilo;  ma  per  tiitti  pli 
iirpiiiii  di  tra/.ioiie  elie  soiio  a  i'i»til;ill,>  ilivetto  eol  siiolo  e  neees-ario  ebe  il  disepno  si 
inlepiii  nlle  parlieolnri  i  aralleri-tielir  del  -nolo  -le-so. 

tlli  sludi  \nsli  I'd  ajiprofondiii  e  le  rinitlie  fatto  ']H’eialmeiile  dai  Laboialori  delle 
riiiversila  .\nieiii  ane  eoalrilaiir.man  in  fotmo  deei-iva  n  ni;;;:iiia'.;rre  dei  li-iiltnii 
posilivi  c  a  propirdire  in  inie-lo  paitieohne  -ellon-  delln  loconno'.imie. 
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On  the  Htatistical  analysis 
of  linear  vehicle  dynamics  * ) 

Atialisi  statistica 
della  dinamfca  del  vcicolo  lineare 
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AH6TRACT.  —  Statutu  nl  ultnll/'cs  of  the  dynamics  of  some  tuo-dimcnsiona/  linear 
irhirli's  traveling  nii  a  rough  truck  are  performed  >o  determine  the  in/lirfnce  on  two 
aspects  of  rrhicle  nde  of  a  .•><■(  of  purnmcters  ichich  include  wheel  base  length,  idealized 
tire  imprint  length,  speed,  and  dumping  constant.  It  is  assumed  that  the  vehicles  move 
U'lf/i  con.'fQnf  horizontal  velocitfi  oil  a  second  order,  weakly  stationery  end  mean  .square 
continuous  random,  track  with  cvlUuct  maintained  at  alt  times  between  the  idealized 
tires  inld  the  track.  The  two  aspects  of  lehicle  ride  usrii  as  measures  of  the  ride  roughness 
are  pt'dk  value  of  po'ecr  spectral  density  and  variance  of  frame  acceleration,  the  frame 
nccclerution  being  either  verticiil  (it  the  c.  g.  of  frame,  vertical  at  the  point  over 
idealikv'd  wheel,  or  angular  ipltchliigt. 

fur  the  same  speed,  daviplnu,  and  p^wer  spectral  density  for  the  track,  for  two 
particular  vehicles,  the  Idealizeil  fire  imprint  length  was  n  relativelg  unimportant 
parnniftrr  over  a  fairly  large  rauoe  of  rallies.  On  the  other  hand,  one  fwameter  which 
ineliiiliil  the  irheel  base  length  tens  foiind  to  be  important  under  the  same  ermditions. 

four  sets  of  parameter  ruli/is  mere  found  which  at  the  same  speed  produced  best 
or  oiillmal  rides  for  vertical  uccrierntlon  at  the  frame  c.  g.  and  over  the  v’hecl. 
depeudtiiO  :rJiic>i  measure  »f  tide  roughness  waj  employed.  The  influence  of  speed 
was  thrn  eiamined  on  vehicles  hilling  these  sets  of  parameter  values,  in  all  coses, 
incrnising  speeds  produced  .sharp-  ificrca.srs  in  ride  roughness. 


I,  -  Introduction 

'I'!)!'  iiKiUviiliun  t'ur  tln'  ri'imrtcil  in  this  j':i|mt  ninl  llio  noi'il 

for  (1  *tl;ilisti(  iil  <1<  sci  iiilimi  (if  llif  "roiiwd  in  tin'  iiivcsti^Mliim  ;uv  di's^'i  ibrd 
ill  llii'  IiiUiiiluclioii  to  tlif  |)r«'('i''liM>r  j'm«T.  llriici',  ilic  innuirks  nf  tliis  si'clioii 
(inly  lici'd  111'  ilircctcd  to  lluisc  iispccts  of  voliiclv  (lynanru's  ami  «optiiuiil  riilc  » 
not  pci'vionsly  coninicntcil  upon. 

A  v'  iili’  variety  of  one.  I  wo  and  tliree  irniieiisional  nnuli'ls  Imve  been 
su^tlTcsl I’ll  fur  a  study  of  the  dynainies  of  real  vehicles.  Stiinc  of  these  models 
are  linear  while  oiliers  are  noii  lliiear.  The  one  we  shall  employ  in  this  paper '■* 
is  stillleiently  simple  so  llnil  the  inalhenialies  is  reasonably  li-aelable  and  yet 
Miflieleiilly  eoinplieated  so  as  to  niaUe  |>aiMineler  studies  iiiteri'stini:.  A  sketeli 
oi'  tliin  linear  I wii-ilimensional  vdiiele  is  ttiveii  in  ll^jiin*  1. 

'I'liis  vebiele  eonsists  of  ii  rljtid  frame  eoinieeted  at  eaeh  end  \ia  a  iinraliel 
anaiirteil  sprin*'  and  dam|>er  .sllsjiension  element  to  an  ideali/.ed  whis'l-tire.  In 

•)  1  15  originally  |»rr|*arrd  for  ittn  l^ilnirntorv.  * S,  Armv 

Ortlniiin''*  Tank  Ihiroit,  Mirhii^an. 

Applied  Sf'HMicf  and  ruri*o*»  rniverHiiy, 
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tlu'  iiiituil  stain's  of  tiu*  »  ininihi'r  of  wl.wl-tiic  models  wore 

eonsidero<L  However,  on  s’mii»liryin»  earh  of  Hum  to  a  ciisc  which  coiihl 
be  tlpsorilMsl  in  h  rviisoiiiihle  nintheni.itieiil  form,  the  wheel-tire  mudcl  shown 
w:is  obfnintHl.  It  has  muss  but  no  nnmieiit  of  itierti:i,  atul  it  is  connected  to 
the  grouiul  of  truck  through  a  spriiip-elamper  aiiMitpeme’.it  distrilmted  alonp 
a  niassK'Hs  ripid  bar.  Contact  with  the  trsuk  over  the  <ntiie  f(K)t-|>rint  lenplh 
is  assumed.  Thus,  the  idealtz«sl  tire  acts  imieh  like  n  deformable  slipper 
plidiiip  over  the  track.  Ibinneitip  is  not  jsTtnitted  in  the  s<nsc  that  contact 
over  the  entire  f«Kit -itrllit  is  niuiitlaiiied  at  all  times,  but  the  wheel 

mass  may  iis<-ilhite  vertieidly  on  the  siLs|M-n.si(in  element  ami  the  itlealized  lice, 


We  mIm*  assume  that  ilte  eletaeiits  shown  vertical  alwa.vs  remain  in  that 
imsiiion.  The  vehicle  of  fipure  1  Ihns  |Hfcis«sses  the  frame  translation  ami  i)itrh 
and  some  <if  tl'.e  simpler  as|Hets  of  wlnsd-tire  d.vnamies  common  to  a  real 
vehicle.  However,  it  is  clear  that  fr;  me  mil.  tire  bovuidiii"  otV  the  track,  etc., 
are  e.seliide<|. 

To  estimate  wlietl'.er  one  vehicle  d«-sipn  <-an  he  driven  faster  than  nnotlier 
desipn,  or  wlnther  a  piveii  veliiele  »!i-sipn  ran  be  drixi'ii  at  a  definite  sjieed 
over  a  terrain  of  specified  rouplim-ss  iiMinires  that  there  la*  some  (piantitat ive 
ride  criterion  apainst  whieh  projeeled  vehicle  eajiahilii.v  can  be  measured. 
At  the  pre.seiit  time,  a  universally  nr«s‘j>ted  ride  erilerioii  is  not  available. 

If  is  a  eominonly  licid  view  aiiionp  individuals  associated  with  the  military 
wln-eled-veliiele  field  that  such  vcliicb-s  have  the  reserve  power  and  suffieieiit 
inech.anieal  streiiplh  to  po  to  imu-li  pnater  speeds  than  in-eseiilly  heinp  attained 
under  oil-road  eondilioiis.  .Mois-ovcr,  if  .-.jmssIs  are  leaehcil  that  begin  to  break 
parts,  or  if  more  iiower  is  iieeiled  to  increase  speed,  tlirse  individuals  believe 
that  tile  needed  strength  ami  power  can  easily  Ik*  siippUisi.  The  drivei'i 
oeeiijiaiits,  or  cargo  of  vehicles  thus  apjiciir  to  provide  a  hasie  rmiilatioii 
on  vehicle  speed. 

The  fr.Tine  motion  of  the  veliicle  model  is  limited  to  vertical  translation 
nml  pitch.  The  acceleration  of  eiivh  apjH-ars  to  inlhieniT  certain  aspects  of 
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rido.  For  fxanipK*,  l)«)iiiuin<r  of  tlio  driver,  sny.  iiiiod  Ins  sent  is  nssocintcd 
with  veiiirsd  fniine  neis-lenilioii.  When  sii<-li  houneiiif;  heroines  snffieieiitly 

st'vere,  it  n^swlls  in  physical  injury.  Sever<*  o.s<-ill:ittir.v  necelcriition  in  pitch 
rt'sull.s  ill  los-s  «f  visual  pereeplimi  (this  also  occurs  with  sevc're  oscillatory 
vertical  ncccIcratUni)  and  loss  of  cipiililirinm.  In  most  cases,  the  driver  reduces 
vi'hicic  sjMS'd  befoiv  cither  the  oseilliitiiii:  vcitical  or  |)itchin^  aeeelei'atioii 
rvaehes  such  i‘Xtri*ine  values,  or  the  occupants  insist  that  he  do  so.  Damage 
ti'sts  with  humans  to  determi'ie  when  vertical  iiccdcralion  causes  injury,  pitch 
aceelerntioii  eaiLsi's  loss  of  visual  jterception,  etc.,  have  hecii  eondueted  using 
simple  hnriiioiiie  motions.  Kcsults of  such  tests  cannot  he  directl.v  converted 
to  the  eas**  in  which  the  oscillations  arc  I'aiidoiu  in  <'liaractcr.  Hence,  hounds 
on  vertical  aeisderation  (also  transverse,  etc.)  an<l  pitching  acceleration  set 
liy  thi'se  two  t»*sls  are  not  useful  to  us.  Tests  in  progress  and  also  pro.jeeted 
will  lie  with  raihloiiil.v  oscillating  acceleration,  ami,  when  tlose  results  are 
availahh',  they  slitinld  estahlish  ipianlitative  hounds  on  human  tulerance  to 
acceleration  in  random  oM-illation.  In  an.v  event,  it  is  I'lsisonahle  at  this  time 
to  hasi*  ritle  criteria  on  random  oscillatory  aia'derat  ion  in  x  ertieal  acceleration 
nnd  pitch. 

.•\  numlier  of  drivirs  of  military  vehicles  also  pointed  out  that  when 
large  gnu  tidhs  an*  earricsl  in  a  turret,  limiting  sehiele  sp*ed  was  freijuenlly 
s('t  hy  violent  irsc-illal ions  oeeuring  in  these  tuhi’s  as  a  result  of  severe 
vehicle  jiiteli. 

We  shall  s«deet  two  <piautities  as  measures  of  the  severit.\'  of  a  random 
oseilliition.  Dm-  Is  tlie  magnitude  of  the  largest  peak  in  the  power  spectral 
deiisit.v.  The  smaller  tiu'  maximum  peak,  the  lower  the  milinale  houudiiig  the 
entire  spectral  density  enr\e.  While  the  work  of  (ioldman  '  is  not  applicable, 
it  dcH's  suggest  that  low  values  of  this  hounding  ordinate  may  he  associated 
with  a  eomfortahle  ride  Irom  the  human  st.iiol])oint  in  random  osdllatur,v 
ne4'eleration. 

The  variance  is  a  measure  of  the  spreail  of  a  jirohahilit.x'  tlislrihntion  about 
its  iiu-an.  A  large  variance  impru’s  that  the  prohaliil it;.’  of  a  signilieant  deviation 
from  the  mean  is  large.  For  a  reason.ahly  smooth  random  oscillation,  the 
varianee  ma.v  thus  lx-  ns<-d  as  a  ineasuis'  at  an.\’  time  of  the  prol)ahility  of 
the  oscillation  deviating  fi'om  its  im-an  hy  some  s]>eeitied  amount.  Hence,  h,e 
retlueing  varianee.  the  piadaihilit.v  of  largi-  exeursinn  in  s\idi  an  oscillation  i.s 
in  general  rediussl. 

It  i.s  Well  to  |Miii)t  out  tliat  other  asp4'ets  of  vi'liidi'  ai’celeralion  ma.v 
provide  useful  ri<h*  criteria.  In  partieidar,  the  work  of  N'on  IJicrkc'  and 
otlici-s'  suggests  tlial  minhiinm  aeederatiim  i>ower  si>eetral  densit.v  (vertical 
translation  or  jutch)  in  a  hand  from  :l  e  )i  s  to  It)  e  )i  s  mi.ght  ]>roducc  tltc 
Isvst  riile  from  tlm  linmnn  stamlpoinl.  Thus,  i!h‘  jn-ak  in  this  h.ind  could  he 
a  measure  of  the  .severit.v  of  a  random  aei'derat ion. 

Ill  this  (lapt  r.  we  shall  stndv  the  intiueiiee  of  se\  i  ral  M’hicle  jiaraiiioters 
uptm  an  «ti)timal  ride  4-riterion  based  either  on  miiiimi/.ing  tlie  largest  jteak 
in  posver  spectral  densit.v  tir  on  miniiui/ing  the  v.irianee  in  veilieal  traii.daiion 


or  pitch  iicocliTJitioii.  All  iiuiiicnciil  rcsiilfs  pivs<-iitwl  jHTtnui  to  these  optininl 
title  eriterm. 

We  shall  lK-};in  the  main  poi-tittiis  of  the  paper  by  pi’es<-nting  some 
elementary  i-cmarks  on  siteli  statistical  <|uantities  as  mean,  variance,  ecvariance, 
power  spi'ctral  density,  m.s.  eontiiiiiity,  etc.,  as  tlu'v  ajiply  to  the  track  on 
which  the  niuilel  moves.  The  physical  asp<‘cts  of  the  tmnlel  tsHisideretl  in  the 
i*4|Uations  of  imitiun  are  then  disciisscil.  Section  IV  pi-eseiit.s  the  equations 
of  motion  and  shows  how  the  power  spectral  density  of  vertical  translation 
of  the  frame,  etc.  are  ohfaineiK  Xtimerieal  n'sutfs  (»n  parnnietor  studies  for 
two  special  cases  of  the  vehicle  of  tignre  1  and  s»iim-  ecneral  observations 
lire  civeii  in  the  final  section. 


II.  -  Track  model 

A  clctailed  discussion  of  a  sliK-hastic  inodi'l  of  fTroniul  roughness  is  being 
jnesented  I'lsewlwcc It  siifhees  for  the  ])iirposes  of  lliis  paper  to  simply 
assume  that  the  Hack  elevation  vs  liori/oiital  distiinee  is  a  lamlom  fuiietiun 
possessing  statistical  properties  that  ground  roughness  along  n  liuc  of  n*aso- 
Uiihle  length  is  likely  to  possiss.  In  particular,  wo  sh.dl  lonline  our  as.sumption.s 
to  seeoiitl  order  pidperti<'S\  i.e.  to  I'.ropcfties  which  can  he  deduced  from 
I'ovariauee.s.  I'lius,  oNpliiit  prohahility  distriliiilioiis  of  ground  roughm^ss  or 
I'levaiiou  aiv  not  emplo.veil. 

The  mean  r»*sponse  of  a  linear  vehirle  to  a  non-zero  mean  track  elevaliou 
may  lie  trejitcd  hy  <hterministie  and  well  known  metlimls.  The  thictuaiious 
of  tite  respniise  ahont  the  mean  motion,  on  the  olhi'r  haiiil,  must  In*  tivatisl 
b.v  prohal)ilistie  uietliods.  Since  we  are  jirimarily  interested  in  the  latter,  we 
shall  assume  that  the  nie.in  track  elevation  has  the  eouslaiit  value  zero.  As  we 
wi.sh  to  eini’.loy  si-coiid  order  properliis.  it  is  reqiiirisl  that  the  track  of 
elevation  he  a  sceotul  order'  rauilom  function  tr.  fd.  Mcinlter  functions  of 
ground  elevations  ari'.  of  course,  o.si-illalory  in  n.iture,  hut  they  should  not 
contain  discontinuities  involving  more  than  tinite  .jum]'s.  The  assnm|)tioti  of 
jnean  square  ^nl.s,)  <-oniiimiiy'  is  usually  suflieioni  to  eliminate  iimvasoiiable 
memher  funetioiis  ,ind  we  shall  emphn'  it.  l-’inally,  in  tuder  to  he  able  to 
employ  the  concept  of  |>ower  spectral  density  and  the  techniques  assoeiatinl 
with  it  we  sitall  assume  that  ground  ehvation  \s  horizmital  distance  is  at 
least  weakly  statioiiar.v  This  means  that  at  least  the  first  two  prohahility 
ilistrihutions  do  not  vh’i'cud  upon  the  location  of  the  origin  of  tin*  hori¬ 
zontal  distance. 

.■\s  an  ailditioiial  eominent  upon  the  fact  that  restdts  given  in  this  paper 
onl.v  de)U'nd  tqioii  second  order  properties  and  not  ni'on  parlictilar  types 
of  disirilinlions.  let  us  n  ite  that  whether  a  partictilar  riqireseiitation  of  grannd 
ele\ation  as  a  r.  f.  is  flutssian  or  not  is  of  no  eonsequeiice. 

TIiore  are  essentially  two  ways  in  which  it  is  ei'iiveuiont  to  irpresemt 
ground  or  tcaek  ele\  ation  y„  (n)  as  a  r.  f.  of  the  hui  izonlal  roi>rdinate  x. 


In  one  way,  an  explii-it  fomnia  for  (x)  in  terms  of  a  family  or  of 
random  variables  (r.  a-'s.)  is  adoptisi,  and,  in  the  other,  certain  statistical 
rcipjin'ineiits  are  postulated  (zero  mean,  second  order,  m.  s.  continuity,  and 
at  len.it  weak  stjitioiuirity )  and  a  eertaiu  integral  representation  meeting  these 
reiiuireineiits  employed.  Kaeh  procedure  has  certain  tidvantagi*s;  liciioc  we 
shall  disenss  tliom. 

A  lormnla  iidopted  in  pin-vuius  papers  *  =  is 
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(Xj  X  -r  4»j) 


(2. 1) 


1  -  I 

\\iier<’  a,  and  Aj  iire  orditniry  eon.stitiit.s  and  the  ai\-  iiidejK-i.deiit  r.  v's. 
unil'ormly  di^lritnited  ti\ee  iiii  interval  of  length  2 ».  Thus,  y,.  (.x)  i.s  a  sum 
of  e^l^im•  fuiutinus  li.iving  r;inih»iuly  dl.^trihuted  phases.  The  Aj  have  the 
ilimen^ioiis  «>f  li  iii;ih  to  the  minus  one  jniwer;  ami.  when  divulid  by  2  ir 
give  eyeles  jv-r  unit  h  nglli.  Ileiiee.  tliev  may  In-  rvgartleil  as  angular  c  length  » 
tremiiMii-ies.  Tin-  ;i,  aii'.  of  eonrse.  tlie  iiniplitndcs  of  the  siiupli-  harnionic 
elements.  The  statistical  properties  of.  t2.  1)  :ire  well  known';  we  eiisily  find  tltnt 
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It  is  perluips  .ippropriati'  to  review  bi  ietly  tin-  ineiinings  of  these  etpintions. 
TIte  lirst  .states  that  the  in. tin  of  y„  t  .;  '  zero  The  thinl  states  tluit  <r*  fx) 

i.s  inth  pendriit  of  n  ainl  since  for  Unit  ■  a,  iind  finite  ii  it  is  finite,  y„  ^x)  is 
of  second  onler.  (x,,  x..'  is  difi’erentiii'nle  .any  Jminber  of  linie.s  with  r»*speet 
to  Ai  .iiid  tints,  y„  tx)  i.s  m.  s.  dilVeretit iahle  any  nuinlH  r  of  times.  (Indeed, 
tlie  nuinl>er  fniuiions  iire  different  iahle  to  iitiy  order).  Finally,  since  l\„  (x,,\;) 
depends  only  ujHat  x-  —  x,  and  the  mean  is  eonstant,  we  know  that  Vo  (x) 
is  at  least  wi-akly  slatioiiary,  llonee.  the  ivi|iiiivinents  entiineiated  above  for 
the  randoat  fuui  iion  w  hich  is  to  reprcscn’  gtotind  eli-\ation  vs  horizontal  are  met. 

If  n  is  npl,i4ed  hy  inlinity.  lh*-re  are  eonditioiii  —  wliieh  we  netHl  not 
state  hi’i'e  --  t'li  tlie  a,  ami  \j  if  y„  (x)  is  to  he  seeond  4>rder  atid  m.  s,  eontinnons. 

Tlie  ]>owcr  speetial  density  t»f  y„  (.\1  is  given  hy  the  fornuila®: 


P,  tX)  = 

'  J 


a,-S  (A— A,) 


(2.3) 
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w'hciv  8  —  A,)  b  the  deltn  fniictiun  wntcml  at  Aj  \vitl>  the  |)rop<*rtie» 

00 

;  8(A  — A,)«U  =  1  .  «(A  — A^)  0  ,  if  A  Aj 

—  00 

We  sliiiil  onll  2  .ij-  the  weiplit  of  tile  iwwi-r  sjnelral  density  at  A,.  If  Vy  (x) 
is  iiileepn-ted  as  a  v«>ltaire  applied  to  a  resistatiee  of  one  ohm  aiul  x  is  inter- 
pivteil  as  the  time,  then  the  iiitefti'al  of  I  A)  tl  A  In-tween  A,  and  A^  O  A.) 
is  the  aAerafte  |K>\ver  in  >v  (x)  Is-twis-n  tlios<‘  values  of  A.  (>ii  si'tting 
Xj  —  X,  —  x„  we  may  write  down  the  well  known’  formulas 

X 

r  ts»l  "  /  I’  iA>e^^Ax„.IA 

2  X 

P  tA)  =  —  /  r  t  v„)  eos  A  X,  «Ix„  (2.4) 

»*  TT  '  f: 

* 

a-  ^  r  P  (A),1A 

T.  t  X, 

That  is,  the  eovarianee  <x«)  and  the  jiower  s]*eeti’iil  density  |*  (A)  arc 

I'ourier  tiatisfornis  of  one  another. 

If  a  set  <!' . .  <!»„  of  the  «!*,  are  seleetisl  with  the  aid  of  a  table  of  random 

numhei-s,  say,  then  one  nietidHU*  rniii-tiou 


.x«<s) 


a^  e«>.s  ( Aj  X 
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of  y„  (x)  is  ohtained.  DilTeient  Mlei-tions  of  the  'I'j  load  to  different  nunibor 
functions.  Wo  have  .shown  elst'wherc  '  how  it  is  po.ssilile  to  select  the  Uj  and 
Aj  so  that  the  inte;:rat»sl  p«»wer  speetral  dt-nsity 

/  P  (A')dA' 


of  (2.3)  approximate.s  as  closely  as  is  retjniivd  to  the  intt'i;i'al 


A 


s 


P(A')  dA' 


of  some  pre.MTiheil  or  );iven  |Miwer  sjieetral  ileiisity  P  (A).  Since  sUeh  a 
inoeednrc  deteriiiines  the  a,  and  A,,  it  is  thus  possible  with  (2.  o)  to  obtain 
a  deterministie  member  fiiiietimi  (x)  of  the  raialom  finietion  (2.  1),  and 
the  intepralcd  power  .sjieetral  ilensity  «>f  this  .v„  (x>  approximates  to  the 
intejrral  of  tlie  jns'serilM’d  power  sjieetral  (h-iisity  P  (A).  A  t;raph.  or  for 
that  matter,  an  aetual  track*)  of  a  .section  of  the  member  function  (2.  Ti) 
Iii’lonjjiiiji  to  tills  y,  (x)  can  tlieivfore  be  roiistrueted. 


)  A  frnrk  im  fhw  Itn-Hi:*  lia-*  rin*lr«l  at  tht*  iViroit  Ar>t*nal. 


The  advnntnpes  in  i  inp!«yin{r  «>r  toiisuit  riiif;  ^2.  1)  iiir  tliat  a  simple  and 
tvadily  interpivtahU'  fniimda  for  y.,  (x)  is  avai!al)h*,  iiniubor  funitions  aio 
easy  |«  nltlnin  and  pn‘s*>ii1  in  jiraplneal  form,  if  dosirod,  and  the  jiower 
speetfjil  density  (2.11)  po.sse.st>t“s  an  iiitirpretation  in  inins  of  well  known 
ehftru*al  piijiineering  cimcepl.s,  Tliese  advantages  of  (2.1)  prompted  ns  to 
intrmltU'e  it  for  the  Ix'iiefit  of  those  ri'aders  whose  haekgrovind  in  random 
ftinrtiun  thwn-y  nivds  refreshing.  The  disadvantage  in  using  (2.  1)  in  analytieal 
work  stenu  from  the  faet  it  olU-n  le;ids  to  a  govnl  deal  of  \mneees.sar.v  algebra. 

Let  as  now  examine  the  finuinia 


y.  tx) 
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when*  the  integral  is  to  Ik*  inlerprete*!  in  the  m.  s.  .sense*  and  the  random 
set  fnnetion  ’A  (A)  is  an  orthogonal  proeess  '  with  the  ])roi>ertie.s 
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dX 
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From  thesv*  eipiations,  we  tind  that 

E  {  y.,  tx)  }  =  0 

X  X 

r  (x„x.)  =  ^-/  ,.a«.,--».>p  (A),IA  =  /  P  (A)eosA.x,(lA  (2.8) 
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Tlins,  y,  (x)  has  a  zero  mean,  is  of  seeond  order,  and,  since  the  covariance 
depends  otdy  njKtn  x?  —  .x,  and  the  mean  is  constant,  it  is  >it  least  weakl.v 
stationary.  T!n*  last  of  (2.7)  and  second  of  (2.8)  enable  ti.s  to  demonstrate 
the  m.  s.  eoiitinnit.v  of  (2.  G).  lienee,  all  the  reipiireinents  which  wi‘  wish 
to  imiiost*  on  llie  r.  f.  lepresv'iiting  ground  or  track  elevation  vs  liori/.ontal 
distance  are  me!. 

In  what  follows,  we  shall  employ  (2.  C)  rather  than  (2.1),  because  tlie 
former  lends  it.self  to  certain  evnnputations  wc  wish  to  make. 


III.  -  Vehicle  model 

l’'i}fure  I  shows  tlir  iilcii!i'/.r<.]  I'mi-ar  IsMi-dinuoisional  vahiclo  dial  is  to  be 
ili.spus.st'il.  The  rif'ul  fiaine  has  wheel  base  hii^rtli  1;  its  mass  is  M;  and  its 
nioineiit  of  iiiei  tia  alwoit  its  e.  >i.  is  1,„.  The  e.  g.  is  at  distance  I)  from  the  wlicel 
Ivjise  eenler  O.  y  (t)  is  the  vei  lii-al  disi>laeement  of  <>,  and  ^  (t)  is  the  angular 
dis|ihieenient  of  the  frame.  We  sliall  assume  that  O  has  a  constant  horizontal 
sj>eisl  V  so  that  its  x-eo»»rdinale  is  vt,  t  lieiny;  t!ie  time. 

Tlie  ends  of  the  frame  aic  siiiipurled  on  linear  springs  and  \  iseous  daini)ei's 
arranged  in  parallel,  k,  and  e,  (j  -  1,7)  are  tlie  rear  (j  =  1)  and  front  (j  =  2) 
si*ring  and  viseons  dam]H'r  eonst.iiits  resiieelively.  Tla'se  elements  arc  taken  as 
massless,  the  upper  ami  lowt'r  pivots  are  assumed  fricliotiless,  and  they  remain 
vertieid  tliroughont  the  motion. 

ld«  alized  tires  are  assumed.  Jiiu  h  has  a  rigid  massh-ss  fiame  of  length  2 
and  a  mass  in^  eoiiceiKrated  at  the  frame  contei'.  'I’lies*-  frames  arc  eoniiecteil 
by  frietioule.ss  pivots  to  the  hotloins  of  the  parallel  arranged  sjuiiig  ami  damper 
elements,  as  sliown.  K,  (fj)  and  (fj)  are,  respectively,  the  linear  spriiiR 
constant  lu-r  unit  length  ami  tlie  \is<(>us  damping  eonslant  jur  unit  length 
whieh  are  distrilmiisl  in  a  parallel  arrangomeiii  ova  r  the  iHittoms  of  tltc  frames; 
we  assume  these  elements  are  massless.  We  shall  make  the  initial  assumption 
that  Kj  and  y,  (ij)  are  even  fuiHlions  of  tj;  at  .i  latter  stage,  wc  shall 
simply  assume  they  are  indepiuident  of  (’outaet  of  the  tire  .spring  and 
damper  eh  inetils  with  the  (raek  or  road  is  assumed  to  he  maititaiiuHl  at  all  times. 
*,  ^t)  is  the  angular  dis]ilaeemeMt  of  tlie  rear  tire  frame  and  '®..  (1)  is  the 
angular  displaeenient  of  the  front  frame.  The  vertieal  displaoenu'iits  of  the 
nnusses  m,  and  m-  ai-c  y,  ft)  and  y.-  tt).  respeetively. 

(iravity  will  be  neghs-ted,  i'lu  lher,  all  angles  are  assumed  to  he  sufliciontly 
small  so  that  eosines  may  he  ii  plaeid  by  unity  and  the  sines  by  the  angles 
in  radians. 


IV.  -  Anidysis  of  vehicle  dynamics 

For  tile  veliiele  model  just  de.serilied,  wo  find  the  ei|uatiuiis  of  motion  to  be 
M  ty  t  I.  i*')  -  -- I’,  to— F.  (I) 
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I'licsi'  symlxiU  have  tlic  nsual  ii'.ti-r|>rrt.it imis  ''ivi-n  in  sniall  vil)ralion  tlioory. 
The  aniiU's  'R,  (t)  iiinl  it- (I)  <lro|t  otit  iil  llif  lliiiil  aixl  foiirtli  of  (-!.4)  since 
we  Ii:i\e  taken  i\  (>)  anil  y  (^)  to  he  even  funelions  of 

We  Muist  MOW  employ  a  representation  for  y..  (x'.  As  nientionoil  aboxe,  it 
is  eoinenieiU  to  nst*  pj.  (>).  It  is  als4»  eonveiiienl  at  tliis  time  to  assume  the 
forms  of  K  (s.)  aiul  y  (f)  are  the  saiiu*.  Tims. 


K(^)  y  (j) 

k.  e  -  II 


wliere  o  (i)  is  even  in  £  anil  the  two  nun  zero  terms  on  the  rijrht  haiiil  siiles 
of  (4.4)  lieeoine 
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rospwJivftr,  where 
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With  V  a  ronstant,  y„  f  vf)  ,-inil  y.  (vl)  ««•  still  at  least  weakly  stationary. 
It  follow.-*"  that  y  (It.  (t).  y,  tt).  y,  (t)  an-  nl.-ai  at  least  weakly  stationary, 
sinee  they  are  n-lated  to  y„(vt)  :iii«l  its  m.  s.  ilerivative  y„  (vl)  tlniiii^;li  a 
system  of  eoiistaal  «sH-flieient  linear  tliflTen-ntial  e(|ualion.s.  Thti.s.  we  may  write 
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the  random  set  fnnetuins  I'  (wt.  V  t«>.  W,  I-'.  \V.  (n)  hrin;;  v)rthog;unal  jn'oee.s.ses. 
The  siihstitution  of  f  l.  C)  atul  t4..'si  into  (4.4)  jnoviiles  ns  with  the  followiiij5 
eiitiations  for  the  determination  of  d  1' (~).  d  V  (--<),  d  \V,  t^)  ami  dWjfw): 
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—  n, 


lt|  It  2  Cg  o*,,  ia 

'•)  d  I'  (••)  +  — —  (<«„  +  i - - - )  il  \  ti-i) 


+  fiig  (1  +  n,)  —  M  i  e»  Oj  - - - tl  \V,  (oi) 


)  <1  Y  (m) 


—  "i  ("w  +  i  — - )  •'  ^  - ' 


-  <  t  "u  * 


+  n,  - 


)  ]  •!  W.  («) 


f,.' 


«■<?  “  ( - )  P  +  ' - ) 

V  **>i>  ^ 


Tho  sohilitin  of  ilic  first  two  of  (4.!))  foi'  (1\\|(*<)  lunl  :  ( 

—  «•,  ll  I'  (o))  +  Wj  il  V  (m) 

.1  W,  (u.)  - - 

\v 


+  u  ,  ilV(«*) 

.nv,  M  - - - 

w 

with 

w  —  (o»y  +  '“V*"*®) 

w,  -  2  +  i  2  i:, (-r  —  +  i  2  f.,  •») 

w,  1  toi,  +  i  2  Vj  •■•(  ■")  (“’e  —  i2t,„w8w) 

Tlic  hist  two  of  (4.'.M  with  (.4.  10)  ilitt  r-iiinc  d  1'  Jiml  il  \  (>■■): 

_ _  /  01  I  •»» 

.1  r  - - ;-  '  '>  ^  (“7') 


i)  oives 

(4. 10) 

(4.111 


I 


(1  +  «»j)  -  T  I  W  "T  rt| 

M  fl  2  M 

;o  (  )  +  . - ) 


'  Tlic  power  siu'i'li  iil  ili  iisiiy  of  y(i),  for  <-x;iii»|)Ic.  i«i  sivi-ti  l)y  a  formula 
^illUl:ll'  to  tllC  seeoinl  of  < ‘i.  7 1 ;  it  is 

_L|.,(„)  .  jLk 

J  <1  M 


lliiiee,  with  llie  lust  of  ^4.  I,J)  ami  llie  si  coiul  of  fi.  7.1,  »•-  HnJ  that 


m’  Cr  «  1  “■ 

+  2  1  +  o,  -  +  i  (f..  +  «». - ;  —  C‘  “ 

'2  M  1  <•*  ^  ^ 

+  ‘-— -)]*■  (I  +  cos--)  [(!(-—)]-•  I*, J-—)  (4.15) 


and  .similarly, 


r  (»«) 


I  +  o. - ^  +  i2(C„  +  —  (1 - 

'  tfIL  <■',  O.  ’  <>• 


-  v» 

+  I - 


Two  spoi’ial  eases  of  the  svstem  shoveii  in  (ijjnre  1  ,ir>' of  piU'tie\ilar  interest 
ill  this  jiapcr.  The  (irst  is  obtained  by  replaeinij  llie  iileali/jsl  tires  by  massless 
jioint  follower.  The  p/ower  sportral  densities  of  the  v<  rtieiil  displneeineiit 
V  (t)  +  7.®  (t)  at  a  point  on  the  frame  at  a  distanee  r.  aloii;^  the  f,;ime  from 
the  e.  g.  and  of  ®  (t)  are 


—  208  — 


A  i  mj  ^ 

X  !  !■  (1 2  ••--4)  ['  -  c-’f'  4:  )’i  [('— ‘r)=  (-«•--)■] 

'  •a 


Ml  #»**  •»*  •• 

+  sizsin  -  [C, - I  — -  -  1  _  (if,  - y  I 

-  c.  -4  {  ^  -  1  _  (if,  --y\]  +  (1 


•  I 

—  «•<>.<  - — ^ 


[t  ^  -*c.  --)■•]  t(‘  -  --r  ^  c-’w  —y]  ~— 


ut  I  i  f,  w 

>  (1  p  +  ( - )rj 


1'  ^ 
'S 


\ 

«-»• 


“if;:: - ’‘^3(-r> 

cc  ^  (— 


(4. 17) 


'I'lif  iiDWiT  spccti'iil  flciisitii's  of  y,  (0.  y...  (i)  iiiul  of  tin*  vcriU-iil  motion  at  points 
on  tlu'  votiiflo  friiiiu'  otlu  f  than  its  o.  >r.  may  l>i'  foninl  in  tin-  saini*  manni'f. 
ti'S|ii^'tiv('ly.  wlu'fc  till'  frointonoy  lati^jo  is  fiom  — x  to  x.  Tim  socoinl 
<-iisi‘  is  oblaiiuHl  from  the  systrin  sliowii  in  lirrniv  liy  inakin;j;  tlio  two  rU'iiu'iits 
ioiimH'tiii(^  till'  li'ami'  aiiil  tlio  tire  masM's  rigid  ami  lumi>iiig  tlio  titv  nmssi's 
in  with  till'  mass  of  tlio  fraino;  wo  find  that  tlio  spiolral  donsitios  of 
y  It)  I-  z  S  ft)  and  'M'  tt)  aro 


r,  (7,0.)^ 

V 


(4.  IH) 


Wo  hiivo  oiiiittod  dorivations  of  (4.17)  and  (4.  IS)  situs-  thoy  follow  almost 
tho  sumo  soiiiionoo  of  slojis  tliat  wo  oniphiyoil  in  uhtainiiig  (4.  !-'>)  and  (4.  IG) 
from  t4.  1). 


V.  -  Discussion  mid  results 

It  is  ])i)s.siMo  to  draw  a  fow  gonoi'id  oonolusions  from  tlio  ri-siilts  given  in 
the  jirovious  soot  ion. 

Kxaiiiiniition  of  (4.  lo)  and  (4.  IG).  say,  lovoal-.  Ilial  the  half-tiro  frame 


or  liulf  font  print  Inigfh  a  only  «-iitrr}>  these  etioations  through  the  term  U  ( - ) 

whore  [see  t4. 7)], 


-»  1  I 

“  (— )  = 


ff  ({)  e  ' 


uiul  g  (t)  is  tho  ilislriliutMm  nioiig  the  fmnio  of  the  parjillol  iirraiiginl  linear 

**■ 

spring  ainl  vi«-(i>ts  (huniHT  tiro  eleiiu-nt.s.  Siiioo  tt  ^ - )  is  an  integral  of 

g  (4)  e  ‘  /2  a 

m  a 

over  tile  f****!  print  length,  <5  ( - )  ivproseiits  the  snuiothing  of  the  roughness 

V 

ill  the  tr.'iek  ihio  to  llie  ulrnlizotl  tiri-s.  Thus, 


C--)Y 

may  ho  rtganled  as  the  power  speetral  thnsily  of  the  input  to  the  vehicle 
obtained  frorn  the  power  speetral  density  of  y,  (x)  after  snitMOliiitg  he  the 
idmilized  tin-s.  Tliis  suggests  that  in  the  analysis  we  could  have  ignored  tlie 
tire-foot  print  length  provahsl  the  traek  y„tx)  with  power  speetral  density 
•» 

i’r  ( - )  replm-ed  hy  n  smoothed  Iiaek  with  [Miwer  sja'ctral  density  (5.  1). 

Atlvantage  «f  this  point  nuiy  iherel'on-  he  taken  i:i  future  investigations. 
The  eonelusiii:i  that  a  tire  is  a  stii<H>thing  device  in  some  .seiiM*  is  in  agreement 
with  I'estilts  iihtained  on  large  low  pressure  tires. 

In  the  numerical  results  pn-seiitisl  Indow,  we  .shall  assvune  that 


atiil,  thus. 


B  =  1 


>r  = 


It  is  clear  from  this  ei|tintion  that  the  larger  a.  the  nainstwer  tlie  jieak  in  the 
term  on  the  right,  lienee,  the  lamer  a.  the  smaller  the  high  fistiiii'iiey  portion 
of  (■).  1)  iitid  the  gtviiler  the  siiu/othing  inllmnee  of  the  tires  t 'otivei-sely,  the 
smaller  a.  the  hroatler  the  isak  in  the  right  of  f  >.  atid  the  less  the  smoothing 
(  fleet  of  the  tires.  Aetuallv,  the  seleetion  (•’».  2)  is  not  pai  lieiihn  ly  lenlistie, 
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siiHi*  g  (5)  sIdmiM  :i|>pronch  zom  its  4  — »  Js  :i.  I  luvvfvci-,  3)  is  o;isy  to 
wmputi'  with,  pn»viiU‘s  iiii  ostiiitatc  of  tin*  inlliiciicf  of  tlic  tiro  on  spcftrnl 
dfiisity  of  ViirioiLs  ipniiit {tit's,  ami  so  is  nih'tpiiitc  for  jtitsriil  pniposcs. 

Tho  jMtwor  siKs'tral  tU'iisity  1%  (i»i  ootitaiiis  ilir  wlicol  hast-  length  1  in  just 
one  term,  iiaiiifly  in  (14  ft>swl/v).  Since  this  term  iimlti]ilies  I’j, 
just  as  does  [>•(••  a/v)J’.  it  may  also  Ik'  regaiileil  as  a  filter  acting  on 
1%, (•*/'■).  Clearly,  the  term  filtei-s  periotlically.  de)>einling  upon  llie  value 
of  l/v.  Thus,  wlns'I  Iwist*  length  am)  sjm'is)  v  may  )*•  csptTtcd  t«;  have  a 
siihstantial  iiillueiiei'  ott  certain  aspects  t»f  vehicle  riile.  The  term  (1  —  eos<-(|/v) 
in  1*^  (“)  may  lu-  iiiterprclctl  in  the  stime  sense. 

From  the  fii-st  of  (4.  .S),  we  tlednee  that 

X 

\  r 

l\  -  I  p-  «<<!  •.)  p,  („,)  ,J„ 

—  * 

The  r.  f,  y  (ft  has  two  in.  s.  tc'i-ivates  y  (0  ami  yit);  it  follows'  that  the 
eovariaiiees  «if  these  r.  f.  arc 


V. 

(l,.t.,)  = 

1'  U,.ld 

y 

2  t  1  5  1; 

y 

r.. 

S« 

.V 

a  1,  S  t; 

(0.0) 


Ifents'.  till  eomhiiiing  (0.41  ."ml  ami  making  use  of  the  iletiniliim  of 

tile  isnai'ianees  of  y  ti)  and  y  (t)  in  terms  of  integcils  of  their  j'ower  sjieetrid 
densitii-s.  we  find  that 


1'^  (...)  -  .n-  ('••) 

F,^  (...)  F^  ('”) 


(•■>.<)) 


tlm.s.  the  jiower  speetral  density  of  the  first  or  sei.oiid  in.  s.  \leri^‘,■lti\e  of  a 
siiilahle  r.  f.  may  U'  found  h\  nuiltipying  its  power  speetral  density  hy  i..-  or 
hy  lespi.-tively.  This  vtile  is  «;nite  general  '  and  we  sluill  nse  it  without 
further  eoinnieiit  in  what  follows  to  ol.tain  the  power  speetral  den.sities  of 
4f  .t).  and  y  (t)  -  y.  ^  (0. 

The  eoiislaiils  'vlii.-li  define  the  veliiele  and  traek  eiil.  r  the  sju  etral  densities 
oi  inten.st  in  a  fairly  nnnple.x  manner.  I.’urllu'r.  the  nieas\nes  of  rid.'  roughness 
that  are  lit.ing  ..|n|.!oyeil  iiivclve  these  |n>wer  speetral  li.iisities  eitlier  tlirough 
an  iitiegral  (\.irianee)  or  a  .lerivaliv..  ipe.ik  \  ;dnet.  lien.....  we  shall  not  i.iiiploy 
iinal,\tieal  nietli<j.1s  to  p.’i'foriii  l]imntitaIi^e  parameter  studies  on  ride  lougluiess 
hut  iiisteail  Use  ntiinerieal  methods. 
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A  <lcfinito  forii>\ilii  for  1%,  {AJ  is  now  iv<iuimt 


P .  (A) 


(5.7) 


Th»*  qiiniitiiy  is  (In'  vnriancc  of  y„  {\);  A„  is  a  toiistniit  \vlii«  li  may  lx*  nsod 
to  ntljnsl  tin-  sprratl  of  (lie  siii-fli-  p.'ak  posscss.-d  hy  1%^  (A).  This  foiimila 
ai>jK‘airs  to  fjivo  a  ifasaiiialilo  lit  to  a  |io\vi‘r  spccli-al  di'iisity  wliioh  we  ohtaiiicsl 
fn>ni  ('roniitl  miasm-omi'iils.  Koith.i-  nu'asiii-i'iiii'iiis  may  well  siifajj'.'st  iliflfiM'ont 
pxj*;vssions  for  llii'  ri;;ht  liaiiil  side  of  (.'i.  7)*).  IIowcvit,  for  tin-  ]>ri'scnt,  it 
Ls  it  rvasonal'h'  sfU'ction. 

A  s«'l  of  diiiicii'^ionli'vs  pai'aiiii'liTs  \vf  li.ixc  foiiinl  loiivcniciit  to  i'm])loy 
ill  n(iiin-ri<-al  (-ah-iilat ions  is  thf  fnllowiiit; : 


toy 


a 

I 


wIn»ro  Vo  is  a  rofcri'iico  speed  and  p  is  lltc  radius  of  gyration  ahmil  the  e. 
of  tilt'  frMmc.  In  li  rnis  of  these  pataim  l)  is.  (he  lirst  of  [  I.  17)  eaii  he  rewi  ilten  ns 


P,  U>  "li 

a;,/.-.. 


L.  r  t2f,r)’]  > 


r’ 

I  it  +-  ro-.oi-rl  ^ 


r-  ,  1 

>iii  n  I  r  1  (■— —  —  I  —  4  Vt  '  •  )  -  -  -  — - 

LV  1^,  I.;.- 


1  -  IClr')] 


-  4  — --  (1  —  i-os  IS  I' r)  1^1  -I  i)-J  ^it — r-p 


(■■>■  9) 


for  examide.  Tlie  oilier  sj^vti-al  densities  eaii  i.e  put  in  a  similar  form. 

As  mentioned  in  the  iiit riHliu-lion.  ihe  two  ride  e'-iteria  wliieli  we  shall 
eiiijihiy  are  eilliee  the  niapnitiide  of  llie  lart.'est  )>eak  in  the  |>o\ver  s]>eetral 
tlensity  or  tlie  v.iine  of  the  varialiei  for  aeeeleratioii.  The  aeeelerat ions  of  the 


*)  The  lov; 'iioii"'  eurri'pon.tiii;;  In  (.">.7)  is  iiieiUlii';  t’liis,  the  r.  f.  liaviiiK  tills 
eiit.iriniin'  is  in.  s.  .oiiiKlii  Wliile  in.  s.  nnal.vlieil.v  Ini>  l■l•rl:lnl  I'li  ilieliliilil  v  iniptii'nl  inii.t, 
\ir  shall  i"iinri'  them. 
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frame  we  slmll  consider  Jire  y  (t).  y  (t)  +  — ^  S  (t)  and  <^(1);  the  first 

is  vi'rtieal  iu-ci'leiiitioi)  at  the  tlu-  second  is  vertical  iiceeleration  over 

i<leali7.i\l  wlieel-tiiv,  and  the  tliiitl  is  piteliin*'  a««s-leration. 

Only  the  two  spi'eial  eases  of  llie  vi’liicle  shown  in  fi}j.  I  will  Ik“  etinsidered 
at  this  time.  Tlie  forimilas  needtsl  for  the  power  spectral  densities  are  obtained 
from  either  (4.  17)  or  (4.  IS).  Oi-dinate  values  for  vertical  acceleration  ivsults  are 
divided  by  <r-  «*  and  those  for  nn^nlar  aeecleration  results  by  a\  »* /I*;  these 
faetors  will  be  omitted  on  the  graphs.  We  shall  also  omit  the  siibseripts  1  or  2 
on  tile  ordiiiitte  desioiialion,  siiiee  the  snhserijjts  1  and  *2  refer  to  the  case.s 
a/l  =  0  and  a  I  ^  0,  respeelively,  and  these  are  indicated  exijlicitly  upon 
the  irraplis. 

I'Menres  2  -  4  pre.seiil  nniiK'i'ieal  fi-snlts  »a»  the  maximum  value  of  the 
power  speeti'iil  densities  and  on  the  variances  of  y  (1).  y(t)  +  7.  ®  (t)  and 

®  (tj  as  fnnetiolis  of  the  parameters  n  and  a/I. 

It  is  immediately  clear  that  results  mi  varianee  with  a/I  =  0  and 
a/1  —  O.OG‘2.”)  and  also  on  iinmniliule  of  the  nia.xiinnm  value  of  the  jmwer 
spi'ctial  deiisit.v  do  not  differ  ai>pr.eial>l.N'  until  a  hecoines  lar;:er  titan  4  or  5. 
\V*‘  note  that  ti/l  --  0.002.7  ronesponds  to  a  tottil  f«>ot  print  length  —  rear 
l>lus  front  —  of  27 /(■  of  tin*  wheel  l>as<>  length  1;  most  wheeled  vehiele.s  Imvo 
a  value  of  ;ipproximat»-ly  10  Thus,  a,  1  does  not  upjiu'iir  to  be  a  signitieant 
piinmietcr  with  the  riile  criteria  we  are  muployiiig  unless  a  exeeisls  4  or  5. 
In  whiit  follows,  therefore,  it  is  emivenieiil  to  set  a,- 1  —  0. 

On  the  other  hand,  ehimges  in  the  imraiaeter  o  Imve  ii  pi’oiimmeed  influence 
on  tlie  nmgnilude  of  the  Itiigest  jietik  in  tlic  power  spectral  density  .-ind  the 
varianee  of  the  Viirions  aeeeleriitions.  This  strong  intUietieo  is  duo  to  the  fact 
tlmt  the  location  of  the  bands  on  the  v.-axis  which  the  trigonometric  terms 
eonlainiiig  «  filter  change  with  o,  sonuliiaes  reiineing  jieaks  .shariily  and  some¬ 
times  reinforeing  them. 

For  the  verlie;il  aeeeleration,  tiiere  is  a  unique  value  of  a  which  makes 
the  pe;ik  iDiignitude  ;ind  varianee  a  minimum.  Thus,  if  the  host  ride  under 
the  eiaiditioiis  assumed  is  determined  either  hy  the  minimum  iieak  magnitude 
in  the  spectral  density  or  by  the  minimmn  vahte  varianee,  we  see  that 
for  eaeh  ])oint  on  tlu'  frame  there  is  a  unique  value  .  liieli  yroxides  such 
a  Ix'st  ride;  tlu’  range  of  «  values  being  from  .dOS.S  to  2  '..  0.  x.e  also  note, 
however,  that  slight  ehanges  fiom  these  o  values  jirodiu-cd  large  changes  in 
ininimnni  jieak  magnitude  and  variatiee.  i.  e.  the  best  ride  is  a  sharply 

1 

ttnied  fnnelion  of  n.  l-'or  tcni  large  a  value  of  a  with  7.  — - the  variance 

•> 

is  larger  than  with  a  very  s.iiall  o;  but  with  z  —  0,  the  varianee  is  always 
reduced  helow  its  vaUu'  at  «  —  0  b\-  increasing  a. 

The  jieak  viiluc  in  the  spectral  densit.v  and  the  ’.inee  for  the  pitching 
aeeeleration  e.xliilut  a  dilTeri'Ut  dependence  upon  <»  t’’.  n  eneounteit'd  with  the 
vertical  aeeeleratim-i,  as  may  he  seen  from  figure  4.  Kaeh  is  zero  when  a  i-spials 
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y.oro;  jis  n  inoiviisi's  i-:\ch  ivjielu's  a  iiiiixinuiii;  valuo,  falls  to  a  niiiiimum  and 
then  os**illaU-s.  Tlu'  value  of  a  whieh  t;ives  the  best  ride  in  vertienl  aeeeleration 
diH's  not  ttive  n  la-st  ride  in  (htcli.  However,  it  nmst  he  reinenilK-issl  that  the 
Iiaranieter  K  is  adjuslahle,  lleiiee,  it  may  he  possilile  to  s<‘leet  a  and  K  to  j»ivo 
a  l)est  ride  from  the  point  of  view  of  vertieal  aeeehration  and  pitch,  or,  at 
least,  a  <;ood  compromise  to  a  lust  ri<h*  in  luith  easi-s;  tliis  point  is  now  under 
investigation. 

The  ride  ei  iferion  used  in  figure  Ti  Ks  the  ntagnintde  «)f  the  largest.  iK*ak  in 


the  iMiwer  speetial  density  of  y  (t).  Witli 


=  0-  P  ^  I.OO;  r  =  1.00; 


the  value  of  «  whieh  makes,  the  ju'ak  a  minimum  is  plotted  as  a  function 
of  f,  (see  figure  .'>a).  lit  addition,  tin-  minimum  ]>eak  vahio  is  j)lottisl.  Although 
the  range  tif  the  minimum  peak  is  not  large  for  tl>c  tr  ei>nsideml,  there 
is  a  uni<|iie  v,  (—  and  a  {,—  l.hlTO)  which  makes  this  minimum  peak 

a  minimum.  Thus,  one  pair  of  and  o  give  the  best  riile  in  the  peak  of 
power  spectral  density  senst-.  Kignie  ■>  h  is  a  graidi  of  the  peak  in  the  |)ower 


speetral  density  of  .v  (t)  as  a  funetion  of  v  with 


-  0;  1.00; 


C,  =  .(ih.'id;  a  —  1.0170.  .\.i'  1  eorrespoiuls  to  >•  <  c,.  and  v  <]  1  corresponds 

to  »■  ];.  ■  Thus,  as  spei'ds  «ieei'cas<'  below  wliieli  may  he  huikisl  Uj)Oj»  as 
<lesign  speed,  tlie  peak  value  falls  gradually;  however,  as  v  inerease'.s  above 
tlie  peak  value  ris»'s  sliarply,  i.  e.  the  ride  rapidly  gets  wor.se. 

The  results  preseuttsl  in  figure  (!  <orrespond  to  residls  given  in  figure  5 
esei'l>t  that  tlie  ride  erilerion  is  now  tbe  value  of  tlie  variance  of  y  ft). 

Figure's  7  and  S  eorrespoiul  to  figure.s  .*>  aiul  0  but  fur  .v  (t)  +  —  ®  (1). 
The  eonelusions  drawn  from  figure  '>  are  relU'eled  iii  these'  tluvo  figures. 

Figures  6  and  present  results  on  K-  ^t)  that  are  the  .same  as  given  in 
figures  .7  and  ti,  respectively,  foi’  .v(l).  Mowevei-,  with  ®  (t)  neither  tlie 
minimum  variance  nor  niiitiinum  peak  value  has  a  minimum  value  as  a  funetion 
of  f,.  This  iH’sult  agree's  with  llie  ohservalion  that  tlie  oscillations  of  ®  (t) 
may  ln'  reelneed  to  xero  by  making  I  infinite  and  using  a  rigid  suspension 
system,  h'or  arbitiarily  sileeted  f,,  these  two  figures  again  show  the  great 
sensitivity  of  \arianee  and  maximum  peak  value  of  (lower  spi'ctral  density 
to  changes  in  e  in  the  ueighhorliood  of  e  =  1, 

1'he  |iaraiuete  •  fl  was  not  ehaugid  in  the  studies  i-ei'oiied  in  this  paper. 
AVe  ri'eall  tliat  /?  eoiUains  A.,  whieli  is  a  measure  of  the  spread  of  (A).  At 
this  timi’,  we  have  no  numerieal  value  for  A„  moreover,  we  are  not  eertain 
that  (7.7)  is  th«'  most  reasonable  elioiee  for  1*,^  (A),  lienee,  it  does  not  si'ein 
npiiropriate  to  obtain  results  with  othor  than  one  value  of  J3.  It  is  worthy 
of  note,  however,  that  .sinre 


/3  =-  A,1 


(7. 10) 


••  v.’.-jV.v.v. . 
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if  wc  IiJii!  n  niiniorioal  value  for  A.  aixl  tlie  a  assoi-iatfii  witlt  n  Ijosl  ride  in 
.vjnie  5cnsp  for  n  piven  C»,  fi,  then  a  nuinei-ieji!  Viiliu*  for  the  vorrcsjKmiling 
\vlie<’l  bnsu'  length  rould  be  obtained. 

Tlie  results  presi-iitetl  in  thU  p:i|M>r  r«*pres«*nt  llie  Ix  pinniiigs  of  an  attiiek 
on  the  iiitt'restinp  pivjhteni  of  bow  to  desipn  a  veliicle  to  iii-hieve  liigln'i-  .speeds 
than  obtained  at  pir.MMit  under  off-nKid  eoinlitions.  A  bnpe  effort  will  surely 
have  to  U*  devoted  to  obtaining  a  stntlslieal  eharaetiri/alion  of  prouiid  eontour 
geometry  aiul  quantitiitive  rhle  erileria  Ijefore  either  tlie  method  of  iittiiek 
jimjKJSi'd  enn  Ik*  jtistified  here  anil  definitive  de.sign  results  eati  l>c  oblniiieel. 

—  Tlie  .\iillH>r.s  wish  In  e.vprrss  Iluir  tliiinks  tn 
.M.  O.  Bekker,  iiml  Ciipt.  Liston  nnJ  fapt.  Tyler  i>f  the  Lninl  l..4>i'iiMintii>n  I jihoratory. 
Uetroil  Arseiiiil,  fur  helpfal  ilLseussion  given  iliiriiig  the  i.tur.-e  nf  tlie  inveslipntion. 
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On  the  statistical  propei'ties  of  f'C  ground  contour 
and  its  relation  to  the  S‘.udy  of  land  I'-  omoiion*) 

Proprieta  statlstiche  della  sri  j  cie  del  tem  MO 
e  loro  influenza  sullo  s  <d’o  *!el  nio^iraeiito 
dei  veicoli  £u;-ri  strada. 

I 

K.  Kozin  -  -I.  L-  HotiD;.NjrK  *) 


ABSTRACT.  —  The  ground  playt  a  fundamenlai  role  ir  .'le  study  o/  the  ground- 
vehicit-dricer  complex  which  comprises  the  subject  ol  Land  Locomotion.  7  ough  the 
pioneering  efforts  of  people  such  as  Cot.  M.  Ci.  Uckker,  formerly  of  the  Land  i.ocomotion 
Laborctory  of  the  U-  S.  Army  Ordnance  Corp.  Detroit  Arsenal,  great  progress  has  heen 
tnatle  concerning  the  role  of  ground  soil  properties,  '.id  mechanics  in  determining  tlu 
tructU'c  ebtUty  of  a  vehicle  traveling  on  the  surface  However,  until  quite  recently, 
very  little  has  been  studied  concerning  the  role  of  the  ground  surface  contour  in 
determining  the  .speeds  of  r('/i(cloj  especially  on  oO-road  conditions. 

The  Authors  J  have  found  that  for  a  simplified  vehicle  traveling  on  a  random 
ground  contour  there  is  a  quantitative  relation  beturen  the  ground  described  by  its 
spectral  densify  /unction  and  ftic  optimal  wheel-base  relative  to  the  criterion  of 
maximizing  driver'a  comfort.  This  ivas  only  an  initial  study  but  points  t.*i<  way  to  the 
tact  that  the  geometry  of  the  ground  surface  must  he  clearly  studied  to  try  to 
characterize  it  in  such  a  tcay  that  quantitative  results  concerning  significant  telilcle 
parameters  may  he  derived. 

In  this  paper  statistical  models  of  the  ground  surface  contour  are  considered  along 
with  po.^sible  forms  for  the  two  ditnenrlonal  power  spcctrnl  density.  The  advantages 
and  disadvantages  of  the  models  are  pointed  out.  Pcrtiirhations  in  the  power  spectral 
derutity  of  the  surface  are  studied  to  determine  the  magnitude  of  their  effect  on  an 
optimum  criterion  chosen  for  vehicle  parameter  sfudic.i.  hinaily.  tiie  power  spectral 
densities  from  un  actual  gnsund  surface  survey  are  presented  and  discussed. 


I.  -  Introduction 

Tlic  rciii.irkiiliU'  .-.iici'd  of  luodiTn  ]i;issi'iio,'i-  ;mil  ciiiniiu-rcinl  unitor 

vohifli s  Dll  li  iiiimIiM'Ii  liifilisvay  i>  iliU’  imi'lly  lo  llir  pov.'nr  aviiilalilo  in  coutriii- 
[Hiriiry  power  piieltaors.  p.iiMli'  to  the  s\i.s|ieiisiou  sysleiii,  partly  to  the  straioltt- 
iK'.'W  of  the  highway,  hut  it  is  mainly  due  to  the  .snuiullnu.s.s  of  the  surfitec  upon 
wliieli  they  oiH'rate.  One  iiiititeiliately  reali/.i's  tlir  importatiee  of  llte  siiiootluio.ss 

“)  pajM'i  \»  M>  origifwillv  prrpnrcil  f<n'  U>ii  I,n)H»ratt»ry,  U.  Army 

Or«lnanff  Tnnk  Aut«»mntive  I’oitimsind,  Ih’lroif,  Mioliigftn. 

*•)  Ai>plit’<l  .*?<iriice  Corp.  ninl  Pur«Uio  I'niven^ity, 


of  till*  siii  faw  wlioii  llu'Ho  vi'liiclcs  aro  to  oiH'rate  off  tlit*  roati  Ct-rtain 

wIitH-Ifd  militiii'v  voliioK's  hove  neiirly  oi|UiviiIfiit  spi’od  olicn  operating 

on  the  same  types  of  siiiootli  iiaveiiienl<<.  It  must  l)c  remembered,  however,  that 
of  neeessity.  a  military  veliule  may  be  i'e<iuired  to  operate  off  paved  roads. 
I'lidiT  oft-road  eonditioiis,  these  mililiiiy  veliieles  like  modi-rn  passenger  and 
eoiumereial  vt  bieles  have  a  very  limileil  speed  range.  This  fact  is,  of  eourse, 
not  strange,  sinee  the  same  eonsideratioiK  are  used  in  tlu;  d<*sign  of  the  tliree 
tyik's  nf  Veliieles. 

The  basie  ilesigii  eriteria  for  all  wlieeled  vebii'les  in  most  eategorie.s  w 
mneli  the  siime-good  speed  and  control  on  the  highway  together  with,  in  some 
cases,  load  carrying  eapiieity.  -A  vehicle  dt'signed  tising  siieh  criteria  doc.s  not 
ojuriite  and  cannot  be  expeetetl  to  operate  at  even  moderate  spec'ds  when  the 
assnmpliuii  tlial  it  will  oiu'rate  on  a  modern  sinootli  highway  is  ehtiiiged  to  the 
iissiiniplion  of  operation  under  off-road  eonditioiis. 

Til  si'ciire  reasonalile  off-road  speeiU  of  wlii’cled  or  other  tyi'es  of  veliieles. 
it  is  obvious  tlwit  fntidameiital  studies  mlisl  he  made  of  the  factors  whieli  limit 
speed  under  these  eolldi!  lOIls. 

The  l-and  I  aieoiiiot ion  I itihoratory,  Ifetroit  .Arsene.l,  has  advo<-ated  tliat 
sneli  studios  be  made.  The  material  presented  in  this  paper  iitid  the  one  that 
follows  is  the  ri’snlt  of  suidi  studies  eottdneled  liy  the  Miilwest  Appliisl  Seieiiee 
f'orjionition.  of  Lafiiyotte,  Indiitiia,  r.S,,\, 

These  sltulies  pertain  to  the  overall  prolilem  of  land  loeoinoiion  as 
gnvenieil  by  the  geomet riejil  [iropertios  of  the  ground  surface  when  that  snrfai*e 
is  viewed  front  the  stilt isiieal  point  of  view. 

The  work  divides  itself  fiither  naliirally  into  three  p;irts;  ii  statistical 
deseri[itioii  of  the  gronnd  surfiiee,  \ehiele  dyiiiiinies,  iind  j'os:  ih!e  eriteria  for 
ride  perforiminee.  The  first  is  diseiisseil  in  the  presi'iit  )); 


II.  -  The  ground.  Introductory  remarks 

It  is  a  remiirkiihle  fact  tluit  although  the  very  earliest  form  of  trans- 
piirlation  w.-is  land  loeoinoiion.  Ilic  way  in  which  the  groniid  elianietei  istics 
should  enter  into  the  ilesign  of  vehicles  has  heeii  the  loitst  undei'slooil  of  the 
three  niiijor  environments  of  travel,  th:il  is,  of  hind,  sea,  jind  iiir  tr;ivel. 

AVe  shall  lie  priiiiiirilx"  eolieertied  here  with  the  ground  piirl  o1  tlie  ground- 
vehicle  driver  eiiinplex.  .'\ny  study  nf  the  'I’lleory  of  l.iilld  l.oeiiliiolioii  must  Sliirt 
with  the  ground  for  it  is  the  priiiiary  ami  eontiinial  input  into  any  veliiele  tliat 
nioxes  by  way  of  its  eonlaet  with  the  groiind,  whether  the  eontacl  is  through 
tires,  tracks,  skis,  or  any  other  mode. 

The  I  liaraeteristies  of  the  gionnd  can  he  hruki-n  up  into  two  major  areas, 
the  i>h\sieal  pro|)erlies  of  the  gronnd  as  ii  material  and  the  geoinetrienl  I'ro- 
perlies  of  the  ground  as  a  two  diiiiensiiuial  surface. 

Tlie  material  jiropiilies  of  tiie  ground  are  those  associated  witli  its  elas- 
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ticitv,  ]il;istic‘ity  inid  trnftlonhilit y.  Bi-kkcr niul  Ills  .i^sociati'd  Iiavp  iiinilc*  many 
ititi'ri'stint!:  iiiul  iiiip<ir(ant  atiulifs  of  thosi*  n'miiml  pniportios  and  tlu*ir  relation 
to  the  Tlu'ory  of  Lnnd  Locomotion. 

It  is  the  ground  as  n  geometrical  suii'acc  that  has  iMH-n  the  lea.st  studied 
relative  to  tlie  Theory  ol‘  Land  IjiKHiiiiotion.  Kurtliornion'.  the  surfiicc  apparviitly 
has  not  iK'eii  analytically  characterized  in  any  realistic  fashion.  This  can  be 
thought  to  be  mainly  due  to  its  irregular  natiiii*  and  the  lack,  until  relatively 
recently,  of  methods  of  analyzing  and  l•hat•ae!l•rizinl;  surfaces  with  such  poeo- 
liarities  or  — •  if  \ou  will  —  rauiloinncss  in  elevation.  The  methods  vve  i-efer  to 
are  those  fcniiul  witliin  tlie  .scope  of  the  thisiry  of  prohahility  and  miulom 
funet  tuns. 

Only  reis'iitly  have  statistical  analysi.s  of  road  surface's  Im-cii  e-onsidered, 
in  jiartieiihir  the  work  of  llolHiult  et  al.  -  in  dcterniiniiig  the  speeli-al  properties 
of  airport  runways.  Even  here  ground  vehicles  we-rc  not  the  primary 
eonsiderationl 

In  the  studies  over  the  past  two  yeai-s  hy  ItogilaiiofT  ami  Kozin  e»f  the 
.Mithvest  .\pplicd  Scienee  (.'orixiralion  '■*  nmlei-  cuntmet  with  the  Land  l^oco- 
motion  Lahoiatory  of  the  Oetruit  Aise'iial  OTAf.  I'.S.A.,  ground  elevation 
sui*e'ey!j  have  heeii  licrfornied  along  lines  on  typical  plo\vi-d  ground  in  central 
Indiana.  Spectral  analyses  were  then  performed  from  llit'sc  surveys.  Within 
their  sluilies  the  statistical  analysis  was  performed  of  simjile  vehich's  traveling 
on  a  track  whose  contour  is  one  memhiv  fniurtitni  of  a  random  process  Iinviiig 
spettral  properties  a|ipro.\imating  tlio.se  found  from  the  .survey.s.  I’ldl  detail.s  of 
these  studies  are  given  in  the  nc.st  jiaper.  At  the  time  of  the  writing  of  this 
paper  the  results  of  tlic.so  surveys  cmieerniiig  tin'  field  as  random  surfai'C  have 
tiot  hcen  fully  appraised.  Therefore,  even  tliougli  the  statistieal  properties  are 
known  along  particular  straight  lines  on  this  Hehl.  its  general  1  woulimensional 
statistical  character  remains  unknown.  It  is  pioliahly  siifc  to  say  that  the 
(picstion  of  the  statistical  eliaraeter  of  arhilrary  grooiid  suiTaees  is  quite  new 
and  yet  tn  Ih‘  answered. 

In  this  paper  we  shall  consider  two  aspects  of  the  theory  of  random 
ginuiid  surfacc.s,  the  theoretical  and  the  e.Nperimenlal.  I  nder  the  theoretical 
(sinsiderations  we  shall  discuss  a  possihh'  analy  tical  latMlel  of  the  random  ground 
surfaces  along  witli  the  a.ssy>eiated  two  dimensions  spis-tral  <lensit.v  fmietion.s. 
The  advantages  and  sliort-comings  tif  tising  ihe.se  laiHlel  will  al.so  I)e  dis<'iis.st’d. 
It  is  certain  that  approximations  to  gnuind  siu'face.s  tltrongli  spectral  densities 
will  liavc  to  he  employed  in  .vtud.viiig  the  motion  of  veliicles  traveling  over 
I'amlom  snrfaee.s.  lienee,  the  inagiiitudi'  and  nature  of  the  oirors  intro<luced 
into  tlie  jmalysis  by  tising  such  approximations  will  also  be  studied. 

I’nder  the  experimental  considerations  we  sliall  ]>rescnt  and  discuss  the 
results  of  a  groiuid  surface  survey  that  wtt.s  dcsigni-d  specifically  to  try  to 
elia liieteiize  the  spectral  properties  along  straight  lines  in  any  direetion  for 
thiit  parlieular  fielil.  This  .survey  will  he  eoinpared  with  the  Iheoretieal  ix'.sults 
dis<-usscd  in  lids  ]>aper  in  order  to  determine  the  feasildlily  of  a  spectral  ehnr- 
aeterization  of  tin'  type  we  promise. 
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III.  -  The  ^tuid.  Bandom  models 

The  niodol  of  a  niiuloia  surfa«t*  that  has  jjainwl  nrrat  favor  aiiiuni'  ocoano- 
jrraphors  aiul  iiu'tvorolojrists  stu(lyiii|>  tlir  sui  fini*  of  tlif  si‘a  ^  is  siinpJy  tlio  two 
dinu'iisional  analomu-  of  tin-  Itivv  i-.iiulom  fiiuvtions '  that  aiv  usoil  ns  models  for 
the  nindoiu  lr:uks  in  the  paiMT  to  follow.  T«»  this  oinl,  *snisidrr  the  exiaossioii 

n 

Mx.y)  -  r^expiln^x  +  \,^y  +  (1) 

k  =  — ■ 

whoiv  0^,  11^^,  V,;  are  rout  iinmlmrs  s.-itiHryiiig 

•"k  =  ’■-k »  *■- 

"k  =  —  *»k 

v.^  =  — v,^  linve  the  din>«ision  L~’ 

The  '^'^s  are  iiuli-pcialcnt  ratKloiu  i)l»is<'s,  each  uniformly  dktrihiitcd  on  the 
interval  siitisl  ving  =-  — 'hk-  lienee,  we  .see  that  /.  (x,  y)  is  real  and, 

indeed,  is  no  more  than  a  linear  eonihination  of  eosifie  terms  with  random 
phasi's.  Coneeptually  tlii.s  fits  the  pietun*  that  one  has  of  a  ground  surface 
full  of  ininintiux'  uionnds  aiul  valley.s. 

One  immediate  olijeetiou  to  the  form  (I)  is  that  as  n  — ♦  x',  z(x,  y)  must 
heeoinc  <1  (I'aussiaii  l’roee.s.s‘.  However,  it  is  strmiply  stis>HS'tml  that  tlie  grtmnd 
stirfaee  in  gem  ial  is  imt  t;aus.sian.  It  is  Known  tliat  e.xci'pl  for  a  very  small  error 
ilue  to  non  linearities  in  the  hydnxlynamie  equations*  the  sen  .surface  is 
4iaUs.sian  in  eliaraeter  and  hence  (I)  nvMlified  to  include  time  variation  fits  the 
pheiiiunenon  ijuiti*  well. 

But  tliis  ohjeetion  can  Im  disjvcn.Msl  witli  since  onr  studies  of  vehicle 
tlynaniics  have  Ihm'ii  »lir»'ctcd  toward  analysing  the  so-called  sc(‘ond-jrdt'r  i>ro- 
jnTties.  These  atX'  |»ro|nTties  that  are  determined  by  the  etnai’ianee  function. 
It  cal’,  easily  he  slmwn  "  that  when  studying  semoid  order  properties  of  an 
arhitrary  se(siiul  onler  random  proees.s,  that  is,  a  proees.s  wliose  mean  s(pnnv 
exists,  the  pi-oei-ss  may  Ik-  replaced  by  a  (Janssian  process  with  the  same  covar¬ 
iance  function.  Thus  no  eontradietion  is  created  by  tising  ( I).  We  realize  folly 
that  (1)  may  not  sn(Tie<*  if  we  inusi  study  subtle  )>roperties  of  the  vehicle  motion 
that  are  based  upon  considerations  of  the  j»n)hahilily  densities  themselves  and 
not  seeotid  moiin-nts. 

ri)on  taking  the  first  two  moments  of  z  (x,  y)  as  given  by  O)  '"o  find 

K[/.tx.y)j  =  0 

n 

E  [/.  (X,  >■)  z  (N  +  x',  y  +  y')l  -  ^  e*  exj)  i  tn^  x'  +  y')  =  T  (x'.  /)  (3) 

V  — 


iXtve.  e.  V.  v.  e.v.v. 


.x 
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wlii'n*  K  [  I  «k*noU‘H  tlio  « xptMinfion  or  rns/-iiil)lp  nvt-rjifjo  of  the  qunntity 
within  thp  brockets. 

In  wonls  (3)  states  that  the  mean  is  zero  and  the  covnriiirico  function 
exists,  iH'jng  dctH'iidcnt  only  u|ton  iJn*  diffcrciKs's  of  tlic  al)cissas  and  ordinates. 
Tliorcforc.  by  definition,  z(x.  y)  Ls  S4'e«»iid  oixier  and  at  least  weakly  stationary 
random  process. 

Because  of  the  wv'ak  stntionarily  exj>r»-ss<'<l  h,v  (3),  one  may  define  its 
Fourier  iaversc  os 

r  (s.y)  /•111  / dv  K  tu.  vj  exp  i  (nx  +  vy)  (4) 


[Note;  I’lilcss  exjilieitly  slatid  •»tlieiwi-;4-.  all  internals  will  Ih'  over  the 
range'  (— cc.  'o)!. 


Hence, 


I 

K  (uv)  =  - /  ilx  /  dv  r  (.v.y>  exp  i  (xil  -r  yv) 

4jr» 


{■>) 


The  i'nnctioii  K  (u.  v)  i.s  tin-  two-dimen>io:ial  power  spcdriil  density 
fuiietion.  That  is  Klu,  v)AuAv  yb-hls  api*roxiiiiatcly  the  average  amount  of 
jHiwer  of  the  random  priK-ess  lhaf  is  found  in  the  fi'ciiueiiey  rectangle 
(u,  u  4  .iu)  X  (V,  V  -f  J.V). 

We  may  write  explicitly, 

K  tu,  V)  .in  .iv  -  (G) 

k- 

when-  the  iiulex  k'  runs  over  lhos«*  freipieney  pairs  (n'^.  v'^)  that  are  in  the 
n-etangle  (u.  u  S-  Avi)  X  (v.  v  -f 

This  is  nu-rel.v  the  extension  to  two  <linii-nsions  of  the  power  siu-ctral 
density  fuiietion  that  one  eneouiiters  wheir  studying  one-diinensional  records. 

.\  major  question  may  tiiAr  Ik*  .isked.  The  question  is,  cllow  does  one 
determine  a  useful  apiiroximatioii.  ei-ojiomieally.  in  Inith  time  and  i'X|H'nse,  of 
K(u,  vt  for  ;in  actual  ground  .surface.’ >. 

Furthermore,  what  ean  he  stiiil  alxmt  K(ii.  v)  restrieted  to  a  given  path 
on  tlte  sui-l'aivJ 

The  re.ison  we  feel  that  these  are  major  qin-siious  is  due  to  the  fact  the 
power  spectrum  of  the  surface  apjiears  to  Ih-  the  most  readily  availahle  wa.v 
of  <-haraetei izing  the  sttrfaee  statistically.  Whether  or  not  one  may  he  iihle  to 
deteriiiiiie  simpler  chanteteristii-s  of  a  random  snri'.iee  that  can  he  used  sigiiific- 
aiitly  for  vehicle  design  purpoM-s  si-erns  to  he  uiikm-wn  at  present.  Much  research 
remains  to  he  performed  in  this  area. 

Tl'.e  reinaiiidcr  of  this  paper  will  he  dcvotr-il  to  tryiii"^  to  answer  the 
ipiestions  posed  above. 


IV.  -  Spectral  properties  along-  paths 

We  shall  first  colisitlor  striiij:ht  Hmp  i)aths  throuf-li  jiihilmry  points  (x,,  jv) 
bnvitlK  ilirtH- lions  tlotcrniinod  by  the  angles  fornu-tl  witli  the  positive  x  -axis,  as 
shown  in  fig.  1- 


f*c.  u> 


Following  the  proeoduio  in  (61  eonsider  tlic  ininsfonnalion 


and  inverse 


4  "  (x  —  x„)  eos  t)  +  (y  —  y„)sin(-) 

>j  =  — (X  —  x..)si«<->  +  (y — y„)<<>sH, 

X  =  X„  +  4  eos  W  —  »)  O 

y  ^  >'<•  k  ■‘i''  O  -f  7j  cos  (•) 


The  line  in  question  is  given  by  V  identieiilly  eo.  -.il  lo  x-ro. 

|/<'t  ns  first  n<»ticc  tlu.t  for  a  weakly  stationniA  jufHsss  along  n  line, 
we  hnve 


wlnTi* 


r  (/)  =  K  l^z  (v)  z  (v  +  X-') 

V  —  V.,  -t-  kn  and  «  “•  1.  •  n  0 


Tliis  is  given  xelieniatically  in  fig.  2. 


I  •”*.**•  **«  **•  ’*•  '  "*•  ’*•  '*'w**«  *'•  **-  *  o'-  '*”%.**•  '  s'*  *  *****  *-*  *♦*  *•' 


,N 


.  T 

r*. 


Also 


2:{0  — 


k'li 


(9> 

Thus  wc  St*!'  tliat  tlip  covmiamv  iilonfr  imy  lino  ilopiiuls  onij*  upon  the 
jihrIo  C>,  or  tiu*  dirootion  of  tho  liiu'.  Tlu-is-foro  all  olassos  of  parallel  lines  have 
the  s;ime  covariance  function,  ami  it  follows  that  they  shall  have  the  same 
spectral  density  function. 

^ow,  usin*;  (4)  an<l  (7)  with  (x„.  y,.)  —  (0.0),  wo  find 

!'*({<’))  “  /  dll  /  dv  ^  K  (n,  v)  ps|>  i  »iis  <•)  —  >1  sill  Oj  II  +  (^siiiO  +  tj<*osH)vjJ 
-=  /  dll  /  dv  j  K.(ii.v)cx|ii  ^|(lll■o.sW  f  V  sill  (-))  +  >j  ( — II  .-ill  O  +  vi  osB)^  | 

=  /  dll'  /  dv'  K*  (ll',  v')  o.xp  i  {$  n'  +  rj  v*) 

wlioro 

u'  =  11  cos  (■)  +  V  sill  O 
=  — 11  sill  I't  +  vcosfcl 
H'(u',v')  --  K[ii(ii'.v').  V  (u',vO] 

and  the  -laooliian  of  the  ti .iiisfnniiatiiin  is  unity. 

PlaeitifT  »)  0  foe  tlie  line  in  i|Uestion  yields 

^^(^)  -  r't-.tt)  ■-  /  dll' /  dv' K' til',  v')  r.xp  I  o')  (11) 

Hut  tlie  covaiiaiiec  and  sin'ctral  diiisity  functions  are  Fourier  transform 
pairs,  so  that. 


(10) 


K^tu')  =  Jdv' K'(ti'.v')  ^  Xdv'K(ii.v) 


(1‘^) 


which  is  the  s|Hetial  density  fimetion  iilonfi  the  lino  in  the  piveii  direction. 

-\t  tliis  point  we  wish  to  .strunply  stress  the  f.iet  that  all  of  the  results  so 
far  olitaiiied  in  this  .section  are  based  only  ujion  tho  weak  statioiiarity  of  the 
random  surface  proee.ss  and  not  mniu  exi»lieit  forms  or  processe.s. 

From  (11),  we  obtain  an  interestiim  result  concornin>r  weakly  stationary 
random  surfaces. 


o~  “1  tO)  ~  r  dll' r  dv' K' (ll',  v')  —  j  dll  j dv  K  (ll,  v)  (i;t) 

(•j  (•) 

Rut  the  last  double  iiitej>eal  is  independent  of  W.  Therefoi'c,  the  variance 
must  he  the  same  alou"  ait.i  diieetimi!  Apparently  this  has  been  found  to  be 
the  case  for  sea  sm-faees,  hmt  it  is  not  clear  that  one  sha.II  find  tliis  to  be  true 
for  the  ground  suetaee.  Tlie  lonsiileration  of  weakly  stationary  random  proee-s-ses 
to  de.seril)'  the  etoui.il  surl'aee  could  hreak  down  .seriously  at  this  point. 

Ret  I.  .U'w  study  paths  that  are  not  necessarily  .straight  lines.  iVImt  can 
lie  said  fihuut  (heir  power  spectral  deiisit.v  fuiietions?  We  shall  aiiproaeh  the 
ipiestion  hy  fn-st  eousidi'rini;  the  eovariaiiee  func  ,ou  ulon.i:  a  [mth. 


I 
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\Vo  sliiill  pill'll  met  rizc  the  path  usiii"  are  loiigth,  s»,  aloiiy  tlu*  path  as  tho 
piirantolcr.  Ttu’  cfi'viitinn  for  tfic  pntli  [x  (s),  y  (s)J  on  the  surface  (I)  is 


i[xt»).y(s)]  ^^^r^expi  [ii^x(s)  +  T^y(8)  +  *I»^] 

u  =  -. 

The  mean  is  still  zero. 

for  the  covariiinee,  one  Rmls, 

K  [/.  [x  (>).  y  (s)]  z  [x  ts  +  sO,  y  (s  +  s')]] 

n 

-  K  t  £ 

+  Uj  X  (s  -i  n'j  +  Vj  y  (s  -r  s')  +  41^  +  4.  J  ] 


(H) 


^  '•»  ft  ‘  xp  i  (n^  X  (s)  +  Tj  y  (s) 

1i  s  _  n  J  =3  —  « 


=  ^  cj  i-xj.  i{  "j  [>:  (8  +  s')  —  x  (s)^  +  V,  £y  (s  +  s')  —  y  (s)J  J 


j  =  — ■ 


(15) 


since  there  can  only  be  ii  contrilmtion  to  the  average  if  k  =  — j.  But  in  order 
for  tliis  to  1h‘  a  function  of  s'  alone  so  that  a  spectral  density  function  exists 
along  the  jiath.  it  follows  (Iml 


X  (s  -f  s')  —  X  ts)  =  p  (s') 
y(s  +  s')  — y  ts)  ^  k(s') 


(16) 


for  liny  »,  .s'  alotii^  the  path. 

The  oliviuiis  o.xnmplc  of  ( lf>)  is  the  stra’mlit  line  path  that  we  have  nlivady 
considered.  Arc  tliero  any  other  ciises’  The  answer  is  easily  Si'cii  to  be  no  by 
simiily  diffi'ionliating  llie  relations  (Ifi)  with  icspi'ct  to  s  and  setting  s  etjual 
to  zero,  yielding 


i!  X  ily 

- — ^  ixiiistont. 

.U  ds 


(17) 


Tlioiei'ore.  a  siu'elr;il  density  function  cannot  be  expected  to  eb.irncterize 
patlis  other  t'lnn  straight  tines  011  a  weakly  stationary  raniloiu  surface. 


V.  -  Spectral  models  for  real  ground  surfaces 

From  the  preeisling  considerations,  we  know  that  sjieelnil  densities  exist 
along  straight  lines  on  weakly  stationarv'  random  surfaces.  We  nin.x*  ns-suiue 
that  fields  free  from  streams,  shell  holes.  01  other  nian-nia«lc  singnlaritii's  such 
ns  irrigation  eliannels,  etc.  have  the  re<|nirxHl  stationary  itroperties,  so  that 
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spt'<-trjil  «lt‘risitu>H  of  tho  {{rmiiul  oioviitions  iiloii};  sli-ni-'lit  line  patlis  can  Iks 
ohtaiiu'd.  Ovir  prubloni  in  tliin  wTriDn  is  inverse-  to  tliiit  considered  in  tlie 
pn-vious  scctiiin.  namely,  how  ran  we  detennitu*  K  (n,  v)  from  sj)octrid  pi-o- 
pertics  of  straight  line  patlisf 

Fn)ni  se-v«*nil  s;)mples  of  surveys  take-n  along  actual  rough  ground,  it 
ap|>ear.s  that  the  power  ape-etml  density  fiineliuti  lias  tlie  general  form  for 
stvnight  lim-s  as  given  by  the  ox|>oneiitial  function 

n’ 


where  Uu  k  a  measun-  of  the  spread  of  frequencies  about  zero  and  o-  is  a 
measure  ol  tbe  ,niva  uinlor  the  eiirve,  that  is.  the  varianee.  Wo  liasteii  to  add 
that  (11^)  is  1».\'  no  means  definitive,  since  the  statistical  charjicterizntion  of 
gi'iuind  surfaces  is  still  in  its  infancy.  Qualitative  results  ma.v  be-  based  upon 
tlio  form  (IS),  but  (|unntitative  n-sults  based  muin  (IS),  must  contain  inac¬ 
curacies,  The  magnitude  and  effeet  «if  error.s  based  uj>on  iiiaeenr.ieics  in  the 
estimate  of  the  power  spectral  density  funetiun  will  in-  eonsidcivd  in  the 
following  section. 

L  poll  initial  considerations,  there  arc  two  possible  wa.vs  of  e.xtending  the 
function  (18)  into  a  two  diim-u.siona!  spoetral  dcnsiiy  funetion.  Kaob  of  the 
c.xtonsions  represent  «listiiiet  nunh-s  of  attack  on  the  probb-m  of  obtaining  the 
K  (u,  v)  fuiu'tion  in  tbe  easiest  jtossible  fashion.  The  fuiietions  extensions  arc 


o'  I  at —  b* 

K  (u,  v)  =» - c.\j»  —  ^aii*  +  2  buv  +  cv-J 


K 


tn)  = 


♦ 

ir- 

- —  rx]> 

n, («) I 


2  u’  (Cl) 


tlb) 


The  first  expression  ls  simpl.v  an  extension  of  the  one  dimensional  expo¬ 
nent  ini  fuiietion  to  a  two  dimensional  one.  The  second  expression  represents  the 
variation  in  (18)  along  linear  paths  tlefimd  by  (-)  the  angle  between  tbe  line 
,md  the  positive  x -axi.s. 

To  cxi)lieitly  d'-teriniiie  the  fnnetion.s  (1!))  one  Wvoild  need  a,  b,  e  in  tbe 
first  ease.  In  the  seciind  ca.st-  the  variation  of  ti„  with  c)  would  be  needed.  The 
factor  c’  is  an  amjtliiieation  factor  that  repiTsents  the  varianee.  It  must  be 
constant  along  an,v  lino  as  derivisl  above.  Notice  that  11  (u,  v)  —  constant  in 
the  fii-st  expression  of  (IP)  correspond  to  ellipses  in  the  (u.  v) — phino. 

To  liclp  substantiate  the  form  eboseii  for  the  fust  of  (10),  we  notice  that 
one  may  define  moments  for  K  (u,  v)  as  (6) 


iTip,  =  /  <bi  /  tlv  K  (u,  v)  u*  v* 


(20) 


.-•TT  V  .f 


oO 
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This  allows  us  to  tl.'fino  monionts  nloiiR  strjiiiilit  liiu-s  in  vupioiis  tliroctions 
l>y  niakini;  u.st‘  of  the  transformation  given  in  (10). 

Ill,  {*d)  ~  J  tlu'  K  (a'>  a'" 

(3 

-  J.lu'/.lv'E' (n'.v')u''  (21) 

=  /-111/  <lvK(il,  v)  (iicosV)  +  V  sill  (-))“ 

Xotirc.  ill  i»articnlar,  that  the  second  moment  is 

m.  (H)  —  ?n_.„  ms*  e>  +  S  m,,  iiis  (->  >iii  (■)  4  m„,  sin- B  {22) 

This  fiinetioii  of  B  ;;  nmtinnons  in  its  domain  of  definition  and  must 
attain  its  e\tivnie  values.  However,  lietminininj:  these  values  is  ccinivalent  to 
finding  .'lu*  stationary  valla's  of  the  iinadralie  form 

ni...  X-  -r  2ni,,xy  +  in,.;  y-  {2it) 

sidijoet  to  ihe  eundiiions  x*  !  y-  —  1 

The  solution  to  tliis  classical  l  igi  n\ ahie  prohlem  is  given  b.v 


I  111,,  in,,..  —  A  I 

We  have,  then,  t  wo  distinct  directions  foi'  which  m..  (<>)  Is  stationary.  Thc.se 
<lircctions  <.in  Ih'  considen'd  to  correspond  to  the  iliroetions  of  the  major  and 
minor  of  (he  elliptical  power  spectral  densit.v  distribution. 

To  ilctennine  the  elliptical  power  s))eelral  density  function  for  a  given 
field  one  would  baie  to  determine  a  b.  »•.  This  can  be  accomplished  by  surveying 
three  linear  paths  along  three  ilistinet  directions.  We  shall  diseu.ss  a  survey 
dsvoted  to  tliis  task  later. 

The  -sissjiid  of  the  forms  in  I  IH)  can  be  useful  if  tlu  re  is  a  definitely 
luvferrei!  direction  of  the  variations  in  coiitoui'  of  a  jiarticular  ground  surfr.cc. 
Tl’.is  corrcsfionds  to  tlio  so-called  lung  crested  ])roperty  in  a  wave  iiattern.  Sueh 
a  st.nte  woiilil  pivsumably  exist  shortl.v  after  ;>  field  liad  beer,  [dowed,  or  if 
tlicrc  liapiK-r.s  to  Im  a  prevailing  we.itlier  and  wind  direction  creating  a  distii:et 
grain  to  the  surface,  l-'ig.  2  rejuvseiits  schematically  this  e'ffeet. 


Preferred  J-te<ffCf>  of  g/cund  w^^es 


L 


Ki«.  a. 
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Thcivfore  for  a  wave  length  of  I  in  llie  pi  efen  cd  direct  ion,  wc  find  that  the 

I  .... 

length  bceoinea - -  along  the  direetion  uellned  by  W,  — 

cos  rt  2  2 

The  original  fitHiueiiey  n  iH-romes  ii  eos  H  along  the  new  direetion.  If  the 
power  spe<-triil  density  function  iilong  the  pivt’erred  direetion  K  (u)  then 


E 

0 


('•) 


(25) 


lienee,  using  (2.5)  the  se<-ond  of  (1!>)  niiisl  become 


a-  1C 

K  (II)  - - r-revp - ; - -  (2f>) 

H  U„  i  its  H  j  Jil‘  I'th**  H 

Tlierefore  lU,  (H)  iK-comes  n..  cos  H.  \Ve  now  Inive  the  spectral  pmperties 
along  any  iiiicar  path  on  the  .surface  merely  from  tin-  resnlts  found  .along  the 
prefeiriHl  direetion.  b'or  fields  that  ean  be  leeognizid  to  have  the  properties 
iiieiitiuned  alwve  <iiily  one  snrve.''  will  snllice  lor  the  determination  of  its 
spectral  inoperlie.s. 


VI.  -  The  effect  of  errors  in  the  estimate  of  the  power  spectral  density  function 

The  nature  of  the  errors  in  vehicle  jiaramctcr  snidics  biiscd  njion  inaceniate 
(wwi'r  spectral  density  forms  and  lne.•|sn^^•ml'nts  is  of  prime  importance  in  our 
studies.  As  one  niust  es]M'el.  \vi-  may  only  oblain  the  spectral  density  function 
from  snrvoy.s  witliiii  some  eonlideiice  band. 

In  the  followiiig  paper  two  eriteria  are  used  ninm  whicli  to  make  oplimiim 
jndgeiiU'Mt.s  concerning  liie  iiarainetcis  that  eliaraelcrize  the  simple  veliicles 
considered.  The  criteria  eooeern  the  variance  of  the  verlieal  acceleration  and 
the  .stationary  values  of  the  jmwer  spccira!  density  oi  the  vertical  uecclerat ion. 

One  cap  easily  show  that  the  power  spectral  ihiisity  ot  the  output  of  a 
linear  .system  whieli  is  subjected  to  a  stalioiiaiy  r.iiulom  input  i.s  simply,  as¬ 
suming  one  dimensional  spectra 

IMA)  ^  ,11  (I  At  IMA)  ---  h(A)  IMA)  (2U  his) 

where  11  (i  A)  is  tltc  freipieiiey  rcs|ioii>c  of  the  linear  system. 

AVe  must  I'ceognize  iliat  li  (A)  is  really  Ii  (A,  p)  wliere  ])  is  the  parameter 
vector  whose  » i.lues  we  wish  to  uplimi/.e  relaliie  to  the  eriteria  men'ioned  above. 
AVe  shall  eoiisidee  liest  ordee  efl’i  els  on  the  seeoiid  ol  the  criteria  mentioned  nbo^e. 
from  errors  in  the  power  spectral  ilciisiiy  innclion. 

Consider  the  jiower  sjieetr.d  density  1*  (A)  h  1’ *  (A'l.  where  P  •  (A)  is  the 
lierturbal ion  or  ei'ror  term.  The  maNinnuii  \alues  ol  li  (A)  [P  (A)  -f  P  •  (A)) 
are  iletinininod  as  usual  from  the  e'piation 


dll  (A,  p) 


[P(A)  w 


d  [IMA)  -t  PMA)] 

h  (,\.  p) - - - -  0 

(lA 


Wo  Iiavo  spcoinltzcd  the  pniiiniotrio  atiuly  to  only  one  pnrnjnctcr  p.  We 
wiilo  the  solution  to  (27)  as  A{p)  +  A*(p)  where  A  (p)  is  the  1*001  if  there 
is  no  error  in  tlie  power  speetral  density  estimate.  The  curve  of  the  ma.\inia 
as  a  function  of  p  luis  the  form 

I.  (A(p)  +  AMlO.p]  +  A‘(t.)l  +  P*[A(P)  +  AMp)]]  (28) 

From  (27)  we  inny  fiiul  the  first  oi<fer  osthiiate  of  A  •  (p)  by  substituting 
A(p)  +  A*(i))  into  (27),  then  expaiulini;  this  expression  about  A(p).  Upon 
usiim  tlio  fact  tliat 


ai.  (AdO.p]  .lP[A(p)l 

l‘(A<p>]  +  liIA(|.).i.j  -  -  =  0 


.lA 


ilA 


(•29) 


we  find 


dA 


[hlAtpt.p]  P*  [Atp)]] 


A*(p)  - : - 


.lA 


-  [h  [A  (p),  p]  P  [A  (|>))] 


(30) 


I’rocei'tliiiir  ii\  tl>c  same  I'ashion  with  eipintion  (2S),  wc  ran  tlcterminc  the 
first  order  diflerence  in  the  curve  of  tlie  maxima  as  lx*iiig 


h[A(p),p]  P*  [A(p)l 


(31) 


By  use  of  tlic  relation  (30)  ami  (31)  we  can  tlierefore  estimate  the  nnigiiit- 
ude  of  the  erruis  involved  l)y  ai)proximatin;:  the  i)ower  spectral  densily  function 
as  expomiitial. 


\'ll.  -  Ground  survoys  and  conclusions 

The  .^lill^c^■st  Ai>plii'd  ScieuiH-  ('()ri)orati(>n  has  inidcr  contract  witli  the 
Land  Lncoiiiotiiin  laiboratories  niidertakeii  the  task  of  analyzitij;  actual  ground 
survey  data  to  determine  tlic  nttturo  of  real  ground  s]H'cti)i,  and  make  decisions 
regarding  ihaiaetciizati  tns  of  the  surface.  To  the  Ix-st  of  our  knowledge  this 
lias  not  Iw'cn  undertaken  in  the  In-fore.  The  oceanogriiphers  are  certainly 

well  ahead  in  this  aiiproach. 

Since  there  is  no  readily  availahli*  data  for  our  pnrjuwe  of  studying  the 
ground  as  a  snrfai-e,  we  Imve  pcrfurmetl  a  survey  on  a  field  that  lias  heon,  in 
its  history,  (iloweil.  cnltii-ated  atid  grazcil.  This  field  is  located  in  North- 
central  Indiana,  adjacent  to  I’nrdiie  rniversity.  and  is  i>arl  of  tlie  Purdue 
dairy  farms. 

The  surve.i'  on  this  field  was  taken  along  five  coneeiitric  lines  tlmt  divide 
a  circle  into  equal  .eetions,  as  shown  in  fig.  4. 


,C.P-r. 

Kie.  5. 


Till*  li’iii'ths  of  the  liiii’s  v«r,v  from  tifli-ni  ri>ot  for  line  A  to 

twelve  liuiulred  feel  for  line  !>,  Tl»<*  elevations  were  taken  at  six  ineli  intervals 
iiloiiR  eaeh  line,  thereby  yieiilinx  a  spectral  resuliitioii  of  one  eyelc  i)er  foot. 

It  was  ileeidisl  to  use  the  J'liie.':  ill  the  eoiifi;^iiration  shown  rather  than  a 
leotniigniar  jjrid  on  the  surface  illie  to  the  fact  that  we  an  primarily  interesteil, 
for  the  land  locomotion  problem,  in  tlie  siieetral  proiiertie-s  as  a  function  of 
direction,  licnee  a  polar  .survc.i'  aj)j)cnrod  more  suitable  than  a  rectan¬ 
gular  survey. 

The  n.se  of  five  lines  was  illcintisl  by  the  fuel  that  if  we  arc  to  try  to 
fit  cllipse.s  to  the  constant  power  eoiitours,  tlien  this  elliptical  distribution  of 


Fi«.  «. 


tlu-  .s|>L’j*tntl  ])ni|)('rtics  with  tliirciiuii  would  in  ■'ciirriil  ho  dcloiiniiiod  by  five 
ooii.staiits.  It  is  ('.\|)vclvd  that  the  ul’  tho  ellipse  will  be  vi-iy  lU'iir.  if  not 

on,  till*  ri'»'((ueiiey  ()\  ij;iii.  Imm'  ibis  r<'iisoi)  we  hove  iivanned  only  tliii’O  nrbil roi'V 
<'()i!slinits  in  the  jifeviovts  oinilysis.  However,  we  sliiill  eontituie  to  use  five  lines 
for  the  first  few  surl'.iee  surveys. 

To  obtain  the  ]iowi'r  s])eelral  densities  n  niimeiieal  analysis  was  ]>orl\>rmrd 
on  the  raw  *lala,  and  proerainiuetl  for  eoinputal iiui  on  a  digital  eoniputer. 
These  lire  jireseiited  aloiif;  with  their  ninety  jier  eeiil  eonlidoiKC  limits  and  their 
variiinees  in  fixtures  a-S.  The  numerical  proeedure  used  on  the  raw  data  was 
first  to  .snhtriu't  out  least  s;(nares  ))araliolie  base  Urn's  aloii^  eneh  contour  iu 
order  to  delete  the  eNtremely  low  fret|neneies.  for  these  freipioueic s  do  not 
<-(Toot  the  traffieahilily  of  vehicles.  The  result iii"  ilata  weie  then  analyzed  anord- 
ing  to  the  methods  of  Hlaekuiau  and  Tukey 

The  luethnd  of  deh-tili”  the  vr.v  low  fretpieiieies  is  still  olieii  'o  investigation 
due  to  the  jmssiliility  of  int laulueing  high  freipieiiey  eomponeMts  fi'om  the 
j>oiul.s  at  whieh  the  jnirabolie  base  lines  are  eoimeeted.  This  may  aeeuunt  for 
the  large  power  eoiieeiitniled  aroiiml  5  eyeles.  ft.  on  line  13,  and  on  the  huge 


cr’-^.oo^eo 


•  C.^.K 

Kii:. 


Vjii'iiitions  (if  the  cniiiimtod  mu  i;iiiccs.  i’liMi  ly,  tlic  liiisi.’  lines  imist  cfFect  those 
variances. 

The  onmiilclc  analysis  of  tlio.sc  |«i\\ci-  s))('(^|•al  is  jircscntly  in  ])rop:i***ss, 
tln'iefore  it  is  ton  early  to  .say  whether  this  data  fits  the  models  desoril)C(l 
previously.  Preliminary'  studies  have  indicated  a  eliantre  in  the  fuiietional  form 
to  (it  the  curve  at  the  lower  fre(|iuiieie.s  more  faitlifully.  But  siiire  this  is 
intimately  eonneeted  \vith  the  initial  data  reduction  jn needures,  we  cannot 
make  a  decision  on  this  point  until  further  studies  are  iierfonncd. 

It  is  mir  feelinp  that  the  futtire  will  sec  the  olT-roe.d  vehicle  thnt  will  l» 
iidaiilively  controlled  to  adjust  itself  In  the  lereain  that  it  must  ojieeate  on. 
Tlie  signal  that  llie  eontrol  mechanism  iinist  ojieratc  on  is  derived  from  those 
aspoefs  of  tlie  "round  siirfe.ee  that  will  he  eniiliniiously  measiiretl,  or  sam|>led, 
and  the  0])limiziM"  criterion  that  Ls  hnill  into  the  Msteai.  But  what  aspects 
of  the  ground  surface  eontonr  .should  In*  measured  reiminhering  that  it  is  a 
random  surface.’  We  feel  lliat  this  e.ni  1h‘  answeicd  by  .studies  a.loiig  the  lines 
presented  in  this  jiai'er.  We  hastc'n  to  add  that  this  is  just  an  initial  study  of 
the  gi'iieral  iirohleiit  fi  oiii  the  off-road  niohility  jmint  of  view.  Therefore  while 
partieular.s  may  change,  llic  general  philosophy  presented  will  veinain  fi.sed. 


—  240  — 


BIUhlLHJKAI'IIV 

1)  lU'kker  M.  (i.  Theory  «»f  tornaiolion.  I'Divff^ily  of  Michigan  Ann  Arl>or, 

Michigan^  UK'irt. 

'2)  UokMiiiU  .1.  C.  ct  nk  Oh  ^{icrtral  Hnnfy.*«i.H  of  rjJHwa,*-  miighncss  and  loada  develnpeti 
during  taxiing.  NACA  Tci'h  ,  m»ie  no.  34^4,  July, 

3)  Mogtkanoff  •!.  K.  ami  K.  On  iW  ;«i&tiHtira|  aalyM.<  <»t  the  motlnn  oC  »omc  sitnple 

vehicles  moving  on  ii  rnn<l«»m  track.  Ke|H»rl  im.  HK  •  [.L  ti5^  Land  Lo^omotiun 
LaliMniiory  Hc'^eurch  I)iv'i>ion,  iviroit  Ar.^iial,  l»i*troit,  Michigan,  Xovenibar  lUoH, 

4)  I^igdanufT  .t.  I..  ninl  Ko/.tii  K.  On  the  slAti:(tical  Mna1y>i>  «»f  tlie  motion  of  seme  aiinple 

tn'u-diinciisiiiiiul  liticar  vcliicio  iiuivitig  on  n  randoiu  truck.  Report  no. 

i.L  lio.  I.iiiitl  l.oeotnotion  t.ulH»rnlory  Ri^^arcf'  Itivi.^ion,  Detroit  Ai>enat,  l>etroit, 

Mipitignn,  April 

Ti)  Picrxin  W.  T.  .1  r.  Wind  genorated  gravity  *4av#*.\  U'lvancc?*  iit  gci»physica,  vol,  2, 
Acadcniic  Drc!*;*,  New  Y«»rk,  Ip.ltl. 

0^  l.otiguvt-lliggins  M.  S.  The  >tuti'*tii'iil  niialy.**!*  of  a  noiving  .’Surface,  Phil. 

Tr.*iit:«.  ttf  the  Unyal  S*>e.  of  I.oikIoii,  ^crie.«  A,  Math,  mol  Phy;».  Sei.,  pag.  321. 
v*d.  2411,  no.  IHiti,  Kehruary  iPoT. 

7)  Kire  S.  (I.  MiittuMiiutieiil  niinly>i!4  of  mtiiioiu  nokKC.  Se!t'»te«1  Pnpors*  on  Nui?<c  and 
Stachn^tie  Proc*e.''S0J»,  Kditcd  l»y  N.  Wax,  Dover  Puldicutimi!*,  New  York,  1954. 

5)  l.fieve  M.  ProhiiKitity  theory,  (‘li.  H,  Vi>n  No»trand,  New  York,  IWoS. 

9)  lUuekniunu  K.  D,  tiit«l  'I'likey  .1.  W.  The  oieM'^oreinenl  of  power  .'*p4.‘^‘iro  from  the  point 
of  view*  tif  ooi<iiiiiinicutioit.'%  engineering.  Dover  Poldieutioii;*,  Newr  York, 


I)  l  S  C  U  S  S  I  o  .V  .S’ 

E.  SAIBEL.  —  I  too  woiiltl  lik<-  to  roiii;riiln!iili’  I’rol'.  Ui);;il:iiiulV  niiii  Ko^.iii  for 
iin  cMn'imOy  iiilorotini;  nml  iiii|><>itiiii(  ronlrilMilioii.  AiuJ  I  aIioiiIiI  jost  like  to 
"I"'  iliivcl ion  in  vvliirli  llioir  slati^tii’iil  inij;lil  ho  of  f»ronl  to 

who  ato  pa ti iiailarly  imor>lo<l  io  olT-Ihr-nui'l  loi-oinolioii,  anil  to  muhc  oxtoiit. 
thii.'>i'  who  all'  intori-stoil  in  oii-tho-nnil-loioinol ioli,  That  is,  tho  «so  of  the  statistics 
of  csticiac  values.  The  aiithovs  taki  saiiijiles,  aid!  fioiii  thess-  sani|>h\s  jireiliel  stat¬ 
istical  ilisirihiitioii  o*'  waviiie..s  of  tae  surface,  tuiiil  im|ierlevtioris  nnil  so  on.  But 
then,  I  think  11  statistics  of  e.xtienio  value.s  vvolllil  sui>|ileineiit  this  work,  in  that 
it  eouhl  lueilii't  major  ehaiip's  from  this  pielurr’.  111  other  vvorils,  the  frei|ueney  with 
which  one  niicht  liml  erevassiv.  «>r  pits;  or,  on  the  ro:iil,  the  frequency  with  which 
one  nii"hl  liml,  holes  in  the  eoiierete  for  example.  I  lliink  between  the  two  one  couhi 
uet  an  atlinnahle  estimation  of  the  terrain,  anil  eiinhl  iireilirt  wliat  eouM  happen  us 
a  Vehicle  nioveil  over  it. 

R.  ARIANO.  —  Volevo  rivolueie  scinplieeiiielil e  nna  iloniaiiila  ,ai  nosiri  prere- 
ileiiti  oratori,  etl  <•  iiuesta:  jier  ;;imliiiiie  del  jjinilo  di  eoiilortevolrzza  del  inoviineiito, 
dal  ninde.  desiimere  so  le  sirada  e  pin  o  iiieiio  nijin-o  —  e  tra  parente.si  per  inisiirure 
la  riii;e-it;i  vi  sono  api>o:'.ti  appaieechi ;  io  ne  lui  lnltr>  eoslrnire  nno  dal  mio  Istitnio  — , 
n  me  semliia  ehe  il  nietodo  piii  adaitu  del, ha  es.M-re  ipiello  di  delvvmin.Tre  le  variezioivi 
dell'amderaziofio  in  funzioiic  del  tempo,  ehe  \eii;;ono  impresse  nll'individno.  I  nn 
aeeolerazloMe  eosinnie  non  e  ilistiiihante.  In  nesslili  aliro  momento  pin  die  in  ipiesto 
in  eui  e.tihiamo  i  voli  lU'i  <ia);ariii  e  compiu;ni,  si  pno  rieimoseerc  ehe  elTettivamenlo 


rtmt  *•  I'aotTlfnir.ione  *■  non  r  In  fn-«|n^nza  «nioIl»»  rhc  influisroiio  snl  disturliuj  lo 
fflfttiu  la  varin/.ione  di  tiili  vnrinlHli  iu*l  ti‘ni]>o,  e  la  volocitii  ili  loiti  rarinziuiic.  I 
iKMlri  sluili  n»>l  ]iassntt>  sii  stmili*  ordinurie  haniio  diiiiostiiilu  olic  f(Tettivamcn(<*  Id 
d('Ua  varia/ioiip  dii  iiii’idrn  didln  l■u■llurU‘vo1l‘7yJl.  \'i)U*vo  doiniiiidnre  agli  illll»lrl 
f(')rtl<>ri  sp  haiino  iiii|tostatu  il  |irublpiiin  in  (jiicsto  s4‘nso,  sp  liiiiinn  fatlo  qiinlclic  csJiP' 
rt('(»/o.  j>ossotio  darri  di'gli  urdini  di  gmiidc7jr.a  pin-  illutniniiiu  iimire  il  ili.-dlirltrt 
vi'miiipiilp  distiirltaiitp,  vpraiiiptitp  iinn  tollpraldlp. 

r.  KOZIN*.  —  or  ponr.-«-,  wp  niirs4‘Ivp.H  linve  not  hocii  <lirprtly  ronccnicd  with 
||)P  >i<-tiiid  iiipiisiin-ini-iils  til'  discoiiirori,  lint  I  do  kiuiw  of  pocrse  that  far 

(■ii/niildp  vim  Oii'ikp  at  Wright  I-'ipl«l,  iit  l>:ulon  Ohio,  lias  madp  extensive  sttidic.'i  Oil 
ifip  disciiiiiriii t  Ilf  n  tiiitii  III  varion.H  t'ri-ijiu-iii-ifs.  and  this  nns  not  necessarily  n  lOllle 
(ilrtor.  Hill  ns  a  iiiiitU-r  of  fart  lie  found  two,  1  think  two,  sigiiifieiint  fre<iupiipy  blllldH 
i'l  Mliii-li  iliero  Were  dt-rinilo  diM-imil'iirls,  niid  these  were  iisMieialeJ  with  Ihp  iiilllirnl 
rreijneinie.H  of  eeitaiii  oigiiii  levels  williin  the  hoily.  Now,  tliiit  is  oiie  tiling:  yon  llild 
so  many  iliings,  (|iiesltoiis.  Sir,  that  I  eanniit  n-iiieinlior  exactly  all  of  them  llint  were 
iisbed.  Xoiv.  of  eoiirse,  the  liiiie-wisp  aeeeierations  —  I  think  yon  ]int  forth  this  jilirll' 
enlar  nin-lion.  Of  conrsi',  these  neeelenit ions  are  also  rainloiii  in  this  ease;  yon  are, 
when  w'e  sin  ak  nlioiit  n  |iruli|eiii  east  in  n  niinluni,  or  imdialiilistie  way,  we  are  louking 
III  (lie  avriiige  iirii|ierl ies.  We  cniinol  look  at  a  disliiiel  |iio|ieil\  lieeiuise  the  giiilllld 
is  (' iiitiiiiially  ehiiiigiiig.  We  took  at  the  avernge  iirois'i  lies,  so  that  we  can  nlwiiys 
di*i'iiss,  .Hilt  will'll  we  are  talking  of  the  )>uwer  s|)Cplral  ileiisit ies  we  arc  niPiitiuliitigi 
or  disenssing,  the  iivenige  |Hiwer  over  tlies«-  various  groiinds,  williin  a  ceriain  cliiiis 
of  roitdoni  iirocessos.  Now  1  don’t  know  if  I  Imve  niiswercJ  any  or  all  of  yniir 
unction*,  but. 

J.  L.  BOGDANOrr.  —  llefore  answering  the  tiiieslioii  that  was  just  nskeil, 
IM  like  to  I  'liiiMii'iil  n  nioiiient  mnni  reiiinrks  lande  liy  Prof.  Sailiel.  The  tjnp.slion  of  Ihn 
ii.*efiil  e.Miciiie  value  stati.-ties  was  considered  hy  us  at  a  eerlaiii  singe  in  Olir 
liiVe-tigation.  However,  an  iiiiioiiiit  of  intorinalioii  is  availiililo  as  to  how  c.streiiio  viiliio 
.stfil isl ics  is  relalcd  to  huniaii  r»-sj.onse;  Iniinnn . esliiiintes  of  the  ronghness  of  a  title 
Inis  not.  to  my  kiiowleilge.  In-en  investigated  at  nil.  Wr  did  not  see,  at  the  time  WO 
loiiked  at  the  extreme  value  prohlem  how  we  eonld  ohiiiiii,  or  how  we  eonhl  even 
ailnjit  a  jiostnie  which  would  he  jilaiisible,  .mil  for  tlinl  rea.'on  wc  dropped  llio 
e.vtteine  value  statistics  work.  Il  is  |Mi,ssible,  wlien  tests  arc  complrfod  on  sbukliig  n 
lillliian  tiiiilcr  vamloiu  eundil ions,  that  tlie  line  of  invcstigiit ion  suggested  by  Pl'O- 
.'aibcl  will  bp  a  nscfttl  one;  hut  until  Ibeii  wc  Itave  nothing  fnrllicr  to  *ity 
nil  it,  Ami  now  w  ith  regard  lo  the  eliairman’s  roiunieat ;  ns  I  understand  it,  ibo 
(|ii,":tiun  lias  to  do  with  tlip  rale  of  change  of  npceler.ntion.  I  believe  this  rpiaidily 
is  referred  to  as  jerk  under  ecrtniii  eireomstnnprs,  or  it  is  rel'pirpd  to  pollwiiilnlly 
llml  way  in  ilie  I'nilpil  Stale.*.  Tlie  nielhods  wliieli  we  have  adopted  would  npply  (lllitn 
Well  eitlier  to  .acceleratioii,  third  derivative,  foiiiili  derivative,  any  deriviitives  for  wlib  It 
volt  wish  lo  consider  spectral  «lei!silie.s,  following  iiiiniodialcly  from  spectnil  densities 
o|  input  and  Ibo  tianster  fiiiirtioii.s  of  tin-  .systems  involved.  Put  again,  theie  la 
iiolbing  of  a  iinniilit.ntive  nature  that  would  eimblc  us  to  sii.v  that  n  ceilain  ibltd 
(lerivalive,  for  example,  would  be  a  useful  iiien.sure  of  ride  rouglmess.  It  may  be, 
blit  there  is  not  .sullicieiit  pxi>erinientnl  te.sts  on  hiiiuaii  beings  at  this  time  to  go 
iilo/ig  tbi.s  line  of  investigation  «t  all. 

Does  tlnit  answer  vonr  ipieslioii,  Mr.  I’haimianf 


A.  CASTAGNA.  --  So  mi  o  coiiM'iifito  vorroi  itiro  €-h<*,  a  inio  .sonitiiosso  n\'V)so, 
il  lavoro  itrot'pssori  Ho.mlanolt  o  Ku/.iii  o  innmiicvulo  jn-r  H  oritorio  iiifovmatore 
«lol  prooodimnito. 

.\]ipare  Irrilcvniilc  oho  l’i|io)o.si  >ullo  iisporitii  tlol  lorioiio  ]iostn  tlngli  Autori  sig, 
o  mono,  |tro|irio  la  i)iii  gnivosn  agii  oiTolli  tloll'oooitiiT’.iono  ili  jKTtiirha/.ioiii  ncl  niolo 
Jol  voioulo  roil  ril'oriiiioiilo  n't  rillo^Ni  lisiolitgioi  Mii  pas^om^ori.  rgiinl  oosa  pun  dirsi 
lu-i  rigiianli  dolln  sohomiitizza/ioin*  dol  voirolo. 

Mi  aomhra  c^v4•llxialo  hi  fiiritttt-i'ixxazioiio  tU'Uo  a>)u.‘vita  tlol  toiircuo  uiciliuute 
{rnijipi  <li  fainiglio  di  irrogohirilii,  oonrii.so  o  oonpoinnli  *n  oiii'O  »  ooii  la  soja;o/ioiio 
a  solo  |torbc  o  1)011  rninhito  liiiiila/.iiiiii,  o>iin'SMO  inotlinnto  il  oami)0  doi  valori  del 
liaraiuotro  doiisita  tiollo  ipoltio  ili  ]iuloii/.ii  (|io«ci'  'in-oiral  don.-ity)  niii  del  rcsio 
ra|i|iro.'riiiativc  di  t oinli/.ioiii  di  tonoiio  o^lroniaiiionto  oarinlo;  o,  lint iii'nlmonto,  stahi- 
I"to  siiMa  srortn  di  o>lo>o  rilovn/.ioiii  viiliitiilo  >t:ili>li<'niiioiilo;  nonolio  la  CDiisidciuzioiic 
di  iin  piiounialiou  in  ooutatto  oid  totrono  imt  tiiia  ooila  hiiigliczza,  eosi  da  liscntiie 
jtitiiuUnnoa  n/ioiio  di  tratli  jiiii  o  iiioiio  iiiii|ii  di  piii  irro^olai  ila,  siniilmoiitc  ad  uiia 
rootli/.iuiic  media  di  olTottivo  oseroi/.io. 

Ad  iiiia  iiialcrin  rosi  .•.I'liggoiilo  gli  Aiitoii  linnno  .-apiito  ilerc  iiim  I'oiliiii  mate- 
malioa  pr^•e^^ll  lanlo  I'ho  al  proiiloMi:i  ilolioulo  o  ilitlioilo  ilolla  iliiiamica  iloll’aeoop- 
piauuMito  «lo1  voicolo  ool  lortono  nltravor?»o  il  pnotiinatii'U  liaimo  Miputo  dare  iiiia 
rhiaru  soluziono  mntriiial ion  t'otidata  .-'ll  ijMiloM  sigiiilieativo. 

Qni  sla  il  valoro  dolln  iiioinnria:  o,  ritoiiomlo  ili  iiitorpiotave  iiiiolio  I’ojiiiiionc 
doirl’dilorio,  iic  porgo  agli  Aiitoii  i  piii  vivi  rallegramoiiti. 

V.  E.  GOUGE.  —  TIk  m  ■  pii|ioi:%  iiic  voiy  impoitaiit  iiiul,  ao  the  Chainaan  has 
void,  the  authors  tiro  to  he  oniigrutuintod. 

Ill  order  to  help  those  whoso  knowledge  i^  net  dovelopped  in  Ihia  accessary 
l"nMn  of  iinnlysis  hnl  who  have  some  knowledge  of  oonveiitioiial  analysis  assuming 
simple  ImriiHinie  road  siiifaees,  eonld  the  s|>eal  eis,  at  seine  time  in  llie  fntnic,  niiiko 
av.iilahle  the  conveiitionnl  amilyses  of  the  simidilieil  vehiele  they  have  studied 
together  with  the  new  form  of  analyses  expressed  in  the  sliitistieal  terms  P.S.D 
and  variance.  This  may  help  the  assiniihitioii  of  the  new  and  iiecessniy  eoueopts. 

r.  KOZIN.  —  .Inst  two  points;  lir>l,  that  we  have  not  limited  thi.s  strictly  to 
jnst  a  niiithennilieal  analysis  hut,  indeed,  wo  do  liiivo  a  test  taeilily  that  is  nearly 
romploted  at  the  Land  Locomotion  Lahoialoi ies  of  the  Detroit  Arsenal.  I  believe 
only  iiistriii'.ienlation  is  the  last  step  to  he  taken  before  the  test  facility  is  operated. 
The  facility  consists  of  a  model  vehiele,  a  wlieel  base,  a  lour  wheel  Vehicle  wheel 
haso,  appmxinialely  one  iiieter  riiiiiiie.g  on  a  track  which  is  a  mondier  function  of  a 
process,  of  a  random  process,  which  meets,  or  is  very  close  in  tin  types  of  processes 
that  we  have  found  from  onr  .surveys  of  the  ground  .viiil'acc.  Tliiit  is  one  iioint. 

The  other  jMiint  is  this;  llial  eoiieeriiing  the  hist  remark,  we  liavc  indeed  eon- 
siderisl  a  simple  harmonic  road.  However,  one  liiids  in  ihis  ease  iliat  yon  do  not  have 
.1  hcsl  ride.  '\'on  liml...  of  eoiirse,  perhaps  we  have  had  to  go  throiigh  these  things 
raiher  (piiekly  this  morning...  in  the  dynamic  aiinlysis.  ii,.-iMg  the  inimt  jiower  spectral 
leiisities.  we  found  that  thmp  was  a  niiiijiie  set  of  ]>iiiameteis,  wheel  hiiscs  in  this 
[orlicuhir  rn.se,  that  gave  ns  ii  he>t  ride.  For  the  case  of  the  random...  that  is,  of 
the  simple  delenninislie  hiirmonie  enM',  we  have.  1  do  not  know  if  it  is...  I  think 
it  i.s  ill  thi.s  particular  report.  One  Iiiul  that  there  is  not  he..^t  ride,  Init  that  are 
many,  many  at  the  siinic  level.  Thunk  you. 
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L,  AMICL  —  K’  111  niuTorono  I'liin.  Aiu'u-i  tU-lU  SocM-tii  I’iiplli  lU  MiIhiiq.  Sot 
<1a  rim)  riiii|iu'  aniit  ;>tiiilinnio  i1  )iiifiiiiitirK'o  iiiiclio  <lat  |uiiilo  <li  vistii  <1r1ln  trnsduziolit' 
ilollr  vilirii/.ioiii ;  o  jM'r  I'nro  uncslo  «■!  .<iiim(i  iitlrr/./ati  ton  n|>|)nrr-t'rliiiituro  lulogiialOi 
Aliliiniiio  ]K>i  criratu  di  )'i|>riidt)rrr  il  f'Oiii|ii)i'tniii<'nto  del  |>noiiiiiali<-o  iiic-iliaiitc  nioili'lli 
iiiiH-eaiiit’i  raiat!<'i'i//Mli  dn  iiliuiii  piiraiiictri  p  ri  sinino  slorznti  di  n)iiodui’rp  incdiaiill' 
iiiia  iiiacpliiii.i  pali’olat rii'P  aiialoi^ipii  il  poiiiiKirtiiiiiciito  \  ibni/.iuiinlr  <lc|  ])nriunntiro  lit 
iiinFria.  Si-j;li  iillinii  ti-iiipi  pi  ^iamo  an  oi  l  i  i-lip  qiipsli  stiidi  sotio  lirii  liiiiffi  dnll'nirl* 
varr  ad  uiin  xdti/.ioiip  o  si  poo  diii’  an/.i  clip  o;;iii  ;;ioiiiii  si  poiiiplipaiio  di  ])iii  iavrPt* 
ill  M*ni|>lrfii'arsi.  Qiiiiidi  mi  ]iarp  i-lip  t*i|iiit('si  ('alia  ilall'oralorp  di  un  jnu'iaimtieo  nioiltt 
<M*iii|tlirp  —  ridotto  dirpi  ni  niliiiini  lirniini  —  sia  forsp  im  po’  troppo  lontana  dill 
vi*rj.  Ill  soslaaza  il  piipiiiiialipo  i*  liMuinatoip  plip  lia  iiinllissitiip  I'rpfp.cnzc  propi'!*' 
pi1  hn  nil  l•^llll|n>^lallu•llto  di vpisissiiim  a  scpoiida  <1pI  lipo,  i-iop  a  spcoiida  I'a'ln  di'jai- 
si/.ioiip  0  didla  iiatiiia  didlp  sup  slriitiurp  iiiti'nip. 

(juindi  ill  dpsidpipipi  ila  jiailp  di;;li  niitori  idii-  liaiiiio  I'atto  iiii  lavolo  cvidcntt?‘ 
niriito  Poiiiidi-.'.'i)  p  Ill'll  svilup]iatn,  pIip  pi  si  liiiilli  a  di'spiivorc  la  stiada;  ;)oi  dopOi 
al  rrslo,  jut  pim  dirp,  pi  jipnsprpmii  iioi  <  piipomal ipiiri  s.  Ciop  a  dire:  datcci  il  disotlOi 
—  rlip  per  iioi  p  iiiollo  ditVipilp  dn  avpip  —  p  per  i  iii  oppoi  loiio  plTettlvaiuenfc  stildl 
iiinitii  parlii'idari  p  i,Maiidi  p'iipi"ip;  poi,  dopo  ppr  ipiaiito  l  ioiiarda  il  di  soprn  porelil" 
rpiiio  di  I'ai'lii  insipiiip, 

A.  CASTAONA.  --  Sp  mi  p  Ipi'ilo  pspi  impi'c  il  mio  avvisi)  sii  ipmiito  hn  iIpUO 
I’ln}:.  Amipi,  p  ciiii  lii'puyji  dpi  Prut'.  Ku/.iii  p  |{iijrdatiolT,  mi  jipniipttfci  di  .sojioinil* 
fjorr  cho,  iiipain-  p  Pompipiisiliilp  i-lip  lo  sludioso  del  piipiiiiiatico  phipila  In  dpIini/.ioliP 
iiiatrmntipii  del  Ipripiio  cmi  lo  sue  irrps^idarila,  nnii  somlira  Ipoito  sppararc  Ic  duo  pailL 
<'hi  imivvpiIp  la  iorma  inaipiiiiuipa  did  ipupiio  iIpvp  Ipiipip  lupspiitp  ohe  ossa  i'' 
drstinatu  alio  siiidio  dpll;i  diiiamipa  (loirappu|ipiaiiiPMlii  i-iil  piipiiiiintico.  II  solo  csniao 
slalistico  didlp  asppi  ila  in  so  slp.-sp.  aslraoiido  da  laic  l•ollsidpl■a/.il‘llP,  non  p  Mitlieioiili'. 

Si  Iratta  piTlaiilo  di  daip  rpsjii'pssioMP  imilpiiiatii'a  dolla  "pompt ria  di  iiti  tcii’piii) 
apppltahili*  i-  rcalistipo,  p  piii  iiatuialimidp  pim  li rprimciilii  al  I'utto  flip  tin  luipiiiaat ii'O 
di'vr  iHTPiirrprlo. 

Hiso‘4iin  d'allrn  )iarlp  ricordaie  clip  la  sostaiiza  didlp  iiieaioiip  di  IfoodiinofT  r 
Kn/.iii  noil  i*  limiiata  dnila  si'clta  di  un  tipu  part  indan-  di  )>iii>iimatipo  p  di  uiin  plO’ 
nipntarv  Iorma  di  ipiipmo.  la-  asjirrila  jupvistp  smio  di  loriiin  nnipianipnln  "ciiorn- 
li/.x.atn;  pd  r  ]>nrp  iioIpvoIp  I'ipotpsi  di'irajipoiri:iii  psIpmi  iIpI  piipiimatipo.  Da  rilcvnro 
inline  il  non  .M'liiplirp  svilii|i|io  niatpiinit ipo  drlla  1 1 attaziiino. 


The  steering  and  drawbar-pull  performance 
of  piieumatic-tired  vehicles  *) 


Sterzatura  e  caratteristiche  di  trazione  alia  barra 
dei  veicoli  su  pneumatici 

|»,  <*.  t’l.xltK**)  -  I*.  SK«:Kt****i 


ABSTRACT.  —  An  ntllllu^is  ts  tiut<le  o/  the  steering  and  drctcbar-pull  performance 
of  a  trad  or- trailer  comhiiitifion  consisting  of  a  tun-orlc.  pneumatic-tired  tractor  towing 
a  single-iixtc.  pncumatic-lirrit  trailer.  The  nnalgsis  is  valid  only  for  a  restricted  range 
of  lateral  accelerations,  slurf  it  is  based  on  closed-form  iotutians  obtained  from  an 
appro-ciinate  theorv.  Calciihilions  hare  been  made  to  determine: 

I)  the  inducnce  of  lulled  load,  steer  configuration,  and  stability  margin  on  the 
location  of  the  turn  center  of  the  vehicle  as  a  fuiirtion  of  thrust: 

21  the  inHuence  of  liill'eil  hunt,  steer  configuration,  and  stability  margin  on  the 
thrust-speed  relationship  id  0  stendy  turn. 

the  iriftuence  of  sllih'Hty  margin  on  the  thrust-speed  relationship  for  a  tractor, 
icithout  a  toned  load,  negolmloig  eiirved  paths  of  con?ffln/  turn  radius;  and 

1)  the  inercrncntul  htH'^epdieer  required  in  a  turn  vers-os  velocity,  as  a  function 
of  steering  geoiiwtry,  .stahi/itu  maryiit.  und  drawbar  pull. 

The  calculations  show  (hat.  for  a  given  level  of  avnilahle  horsepower,  the  speed 
will  decrease  markedly  in  d  (um  or.  eonvcrsely.  a  large  hor.\epo:ver  increment  is  required 
to  maintain  speed  in  a  turn  due  to  an  *  induced  dmgs  created  by  the  longitudinal 
component  of  the  eenlrifugill  aceeUralion  vector. 


Xntroduction.  —  ll/'i'rlolDri*.  tlio  iho  ro.st‘iU‘**ln‘r  in  Iiiiul 

W.imotion  lin.s  hrm  ’>"•  iliinvlnir-piill 

i.r  lo.nl  iiu'fviin;  i-;i|>;u''nv  *'('  viliiclis,  ll\isni:u  iiii;tlys<*s 

;m(I  cxin  riinciitiil  mi  ii.'itlt ''iiu-iits  Imvo  In  ou  omin  i  in-’l  .'.liiiDst  ciitiivly  uilli 
wliicli'  iiioIimIis  ;mil  liavc.  in  l.ir;:c  pari.  in-Ii rtoii  tlu’  tvamivo 
JH-I  rnrmaiuH-  of  vi-liiclis  (Oioiii!;  in  a  (  Ui  vf.l  patli.  At  tin-  pn  vnl  Him-.  aM'liirle 
ili‘sij.^!K’r  lins  110  itu'i'iiis  of  injz  iii  u  turn  iis  o  iuiuMioii 

of  «i  pf'ivt iculjir  1 •  t ***l‘loii*l  ^rinni‘ti\,  N\iNju-iisivtri-i^>II  tu s. 

or  proimlsion  i-onli*;nral ii'ii  (viz.;  trout,  ii-ar.  or  Imtr-ul!*-.-!  iliixo).  It  is  postn- 
lalml  that  tliv  aliility  I"  •'  (Hvilii-tion  slmnlil  lx-  a  valualtlo  tool  in 

tin*  vrliii’Io  ovalnation  ami  ili'simi  prov*i-s.s. 

Cuiisiili-r  tin-  trarloi'  iiml  traili-r  cli  nu  nl  pii-lnnsl  in  tiu'.  1.  It  ran  In'  notovl 
tliat  the  ilrawl.ar  pull  in  tin-  towino  linka;:t-  liy  ;i  <::vi-n  Irvrl  of  tractive 

^  f  riiis  |i:(|vr  w  a**  nr: jO  Mollv  j.rt'parr.l  f<»r  T.ait  l  1  .nrMuint  n-n  Kulntra! orv,  I  .  S.  Arniv 
On!  II  a  lice  'I’a  nk  Aiit  ihiimI  i  \  r  *  ''Hum  a  mi,  1 U'!  mil .  M  irlnj;aii. 

A>.'tM  iaH*  IJi-M'an  li  r'*KOK'or  \\luvle  IHhiumo  s  Pi‘i»anT>i**nl  r.»rm*U  AoriHiAMln  al 
l.^lioratory,  Inc, 

’•’)  AN>i>tAiil  I  >Ci'-Mr!  mrol  lli'ail  Vvhiclc  I\v  1  part  n  T-at  l'*irn»'l]  AiTiHiant  i<'al 

I^harHtorv,  Tnc. 


The  StM90(.  b,  RCPRESENTS 
Th£  CiST&NCE  of  ImE  Mass 
m,  ABOVE  The  CHOL'NO 


Via.  I. 


I'iaii  vii'W  Ilf  I  r.n  tiir-l  railvr  »lniwiii^  i>onimi|  rv  iiiii)  veli>r>liPB  for  coiiiliinoil 
AiliiTiimiin  an-1  atliiiiliiU'il  Btooriii^;. 


i  lToit  iiiipliotl  ill  lw<»  or  tiioiv  wlicols  is  .inVcivil  not  only  I)y  pnth  curvniniv  Init 
iilso  l»y  }'«'oiiu‘li  io;il  rartoi  s  tlml  ronliitl  Iln>  iinolo  iit  wliu-h  I  lie  lowetl  loml 
trnils  llie  tiiwlor.  ll'  it  is  assiinnd  ili.-il  ilie  luwino  hinjio  is  a  fii't*  jiivot  that 
■smiports  no  iiionicut,  tlun  the  towni  load  ninsi  alion  itself  in  -siu-li  inanner 
that  tin'  nioniont  ahont  tin-  hinoi-  will  always  ho  zoro.  It  Is  thus  soon  that  the 
oonti  il'noal  a;coloiation  prodiuotl  in  Iho  turn  will  have  a  iH  arinjr  on  the 
rosultiint  trailor  aii^lo.  sinoo  it  will  Iv  lus-ossary  for  the  tin's  supportintf  the 
traih  r  mass  to  ]>ioihn'o  side  foroos  in  order  to  maintain  the  siMs-itiod  oipiilibrium 
oondition. 

In  c.vsonoo,  the  almvo  slalonionts  oinphasizo  the  faol  that  drawbar  pull  has 
(Urrc*iminl  jirojiortios  when  a  traoltir  vohiolo  is  noiEotiatinjl  a  turn.  Kvaluation 
of  t!io  ilrawhar-pull  and  speed  porformanoo  of  a  towiiijr  vehicle,  therofori', 
cannot  |iroooed  without  kiiowloil^o  of  the  "oonietrie  oonrijiuration  of  the  towed 
load.  By  the  same  token,  it  is  iioeessary  to  deline  the  eismu-try  of  the  towiiijr 
vehiele,  as  well  as  the  existin’;  steer  eo'dijrurat ion  and  the  wlux'l  liH-ations  nt 
whieh  di  iviu'^'  tlmist  is  aiiplied  in  order  to  inoduei'  forwarxl  liH-omotion. 

It  i.s  appaik'iit  that  traeti\e  jiei-formanee  during  the  turning  jinK'ess  is  a 
function  of  the  form  of  tlie  locomotion  element  ti.i'.,  wheel  or  track)  and  the 
characteristics  of  the  supporting;  soil  In  view  of  tlu-  lack  of  data  on  the 
mechanics  of  wheels  and  tracks  \awini;  and  sidesliji|)ino  in  deformable  soils, 


.iJvvvvv^.' . .  •  ‘  'i-i 
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t lie  analysis  pn'sontwl  hcTi'iti  «l»“als  4»nl\'  uith  i»ii<-ii:n:i(i(-tirotr  vt-Iiu-K-.s  tiiiiiinf' 
on  n  flat,  noiulofornuihlr  siirfatt*.  Kfforts  arv  t  in  rciitly  inulcr  way  to  dosciilw 
the  tiimiii}'  l>oli:ivior  of  nn  articuIntiNl  trai-k-layinj'  tiacloi-  towin"  a  wIktI- 
supportiHl  towed  loa«l. 

Tlie  (Uiiniled  detivatiun  of  tho  ts|ii:iliiiii.s  of  e(|uililn'mtii  dclinin"  tlu*  forfe 
and  niunient  halatu-e  that  must  exist  in  a  steady  turn  is  stiiii;ilitf<irward,  but 
the  e(tiiations  thcins<‘lvrs  are  uiinieroiLs  ami  ratlii-r  involved.  Since  tlie  eoncUisions 
to  lx*  pit*soiitiHl  in  this  paper  are  hsisi-d  mi  solnlions  yielded  by  a  .simplified 
thotiry.  the  derivation  of  the  exart  isiinilioiis  unll  only  Ik*  iiKlieatcil,  together 
ivith  a  listiii}?  of  [lertineiit  assiiiiiptions  and  re.sl riet ions.  The  soliiliuns  oblaioed 
from  an  approximale  theory  (ivlyin«  jirlmarily  on  tin-  validity  of  treatiii}'  tiies 
as  a  linear  fori'o  pi-tHhieiii<;  element  for  a  i-es)rieted  ranee  iif  slip  angles)  are 
e»>nij>arcd  with  n.sult.s  ubtaimsl  in  c-arlier  studies'*  of  automotive  steering 
iH'havior.  Tlu*  aeeuraey  of  the.se  approxiniali*  solulious  is  eiaiuated  by  emupniiiiK 
iMith  approximate  arid  exaet  predielions  of  traete,r-t raih-r  turniii}'  performance. 
U.s<*  Is  marie  of  the  approximate  .solutions  to  peiTorm  a  bi’it'f  pr.rametrie  study 
iiulie.-itin^  tlie  nianner  in  wliteh  Iraelive  iierfoiruaiiee  is  intUuMiced  by  basic 
whir  le  parameters  siudi  as  .steer  isinfiouratioit  and  stability  marifin. 

Equatiom  of  equilibrium.  —  Tbe  eiiuations  of  e,|iiilibrimii  expre.ss  the 
force  and  moment  balance  that  niii.sl  exist  in  a  steaily -.state  turn.  Forces  imist 
Iht  oi-ncratrsl  Imtli  in  tbe  "round  plane  and  jH'rpendiiuilar  to  tlie  ground  plane 
in  urtler  to  balance  the  criitrifugal  forcr-s  ami  moments  arising  from  tlic 
piTSiiiee  of  jiath  r-ureatuir*.  The  fons's  in  the  grouiul  plane  dmive  from  the 
tire-gi-oiuirl  interfars*  and  eoii.si.st  of:  ^ 

1)  tile  trar-tive  rffoits  pi-tmIiushI  b\  tlriving  lorijucs  gencrateil  by  the 
veliiele  power  iilaiit,  and 

2)  the  side  forces  that  act  ]ki jH-mlifiilar  lo  the  renter  irlaiie  of  the  tite 
wlir-ii  the  tile  has  u  lateral  eomiioiient  4>f  velocity  relative  to  tlie  ground. 

Sinee  previous  invest ieator.s  have  .shown  that  the  lateral  (or  sidi')  torro 
prrHlueetl  iiv  a  tire  is  a  function  of  tbe  angle  wliieli  tlie  velocity  vector  of  the 
tire  mabr's  with  the  tire  cr-nter  plane,  it  is  necessary  tiiat  kinematic  rrdations 
be  written  to  yieUl  tlir*  slip  nnph*  of  »‘ac)i  tire  as  a  fnnetion  of  llio  motion 
variables  of  the  vrdiiele  .-iml  the  .angular  disirlaeements  tliat  are  used  for 
purposes  of  .steering.  Tlu*  tire  sirle  fruTi-s  are  also  a  fnnetion  of  tlu‘  vr'rtieal  loatl 
on  the  tier-  aiul  the  tractive  r-ITort  Ix'ing  geiii-rated  in  tlie  plane  of  the  tire.  Note 
al.so  that  the  vvitir-al  loail  on  the  liie  will  ehaiigi-  from  its  zero  .speerl  value 
becaiisi*  of  loarl  transfer  jiroiliuxsl  by  (1)  tlie  linite  beigbl  of  the  eeiiter  of  gra'dty 
abuve  the  groiuui  plane,  t-)  finite  vebicle  width,  and  (d)  the  eiuitrilugal  accel¬ 
eration  vector.  In  .summary,  tbe  etiuatious  of  equilibrium  of  tlu*  four-degrec- 
of-fi'i'cvlom  system  eaii  be  e.\prcs.siHl  .symlMilieally  as: 

0  (1) 

f-i) 


Traitor:  _X  —  2.Y  =  _.M  =■ 

Tniilcr: 


.V  I* /I  «*-  C-  ' 
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whei-o  V,  X,  .mil  M  inv  fnici's  iinci  tmnnriits  in  lln;  };n)>m(I  plinic  iU'tiiit:  on 
th(* **)  tnu-tor,  iii  fi'nns  iif  tlio  IhhIv  iixcs  sliowii  in  fij;.  1; 

•iml  is  lh«>  iiinincnt  iilHtiil  ilu*  towiiij^  liingc. 

T’\e  piiouiiiiM ir  lii'i*  slip  jiiijilt-s  nro  ifivoii  l)y; 


iin-  fan  ( - ■)  —  S  ; 

>1... 


j  -  0,i* 
k  - 


wlifiv  Is  tile  slip  aiij;li‘  of  i-acl»  liro. 


*'jk*  'k  “  •  ("j.  ^  n) 

^‘ik  ■-  1'  <"'k.  ''k*  '"k*  "k-  '  ) 


ulwtv  Z,.  is  ilu>  vorticnl  load  on  c.Hdi  (in*. 


wlu'iv 


^ik  ■'  ^  1^'Jk’  "jk-  ^Ik-  ■''jk* 


is  ihk*  fom-  oi\  wicli  liri'  pcrpi  iidirnlar  to  its  i-i-nter  plaiu', 


<'.  =  _li,n  / 

")k  0  Saj^  '' 


Xj,;  is  tlio  Ifactivo  (dTort  in  tin*  tin*  plain’,  /i  is  tlu>  coclTicii'iit  of  frii'lioii 
Ik'Iwh'vh  tiro  and  finnuid,  and  llti’  n-inaiiidi  i'  of  tiu'  symlioU  used  in  npial'-jiis 
(1)  tiuiinoli  ((»)  ai\’  ddincd  in  (io.  1. 

It  slioiild  1m>  noted  lli.il  cijualion  (lit  of  tlic  alio'f  set  of  ocpiations  is  tlio 
key  iviatioiisliip  that  ul'.ituately  determines  tin'  Inrnino  heliavioi’  of  tlic  tiiictor- 
tiailer  vehiele  under  eoiisiderathm.  This  equation  lepiesents  the  tin  ntcchiniic.s 
of  the  eoniplete  v«'hiele  system  and,  as  siieli,  di  lines  the  manner  in  wliieh  foiees 
are  ereated  to  hold  the  vehiele  in  the  turn.  In  tlio  above  iionliiiear  ocioatious, 
the  I Itllet ioiial  ix-latioiiship  inda'aled  in  eiplation  (,(>)  can  he  representcii  by  a 
mat hemat ii-;d  fiinetion  derived  hy  Kinla  ■.  as  later  nioditied  to  aeeoiiiU  for  tbc 
elTeets  ol  loii^ii tidiiial  tlirust  hy  applle.-ition  of  the  «  frietion  eii-ele  »  eoncept  *•). 

Fijinre  I  is  n  plan  view  of  a  Generalized  traetor-tiailer  \ebielo  of  unspeeifu'd 
Geometry,  steeriii}!  (sinfiGuration  and  thrnst-inioit  loe.ilion  to  wbieh  ((piation  (1) 
tlirc.UGh  (<>)  api'ly.  Note  that  the  total  mass  of  tlie  ti.ietoi'  is  divided  into  two 
]a)rtions,  each  )tortioii  assumed  to  have  its  enitei  of  "lavity  (e|i)  above  its 
respective  axle  liMsition.  If  the  front  .and  rear  inassis  are  sized  aia'oidinG  to 
tlu’  location  of  the  e«j  of  the  total  mass,  then  the  eeiitrifnital  foree  vectors 
associated  with  I'aeh  separate  mass  will  sum  veeloriallv  to  eiiiial  the  eei’tvifuo.d 

•)  The  0  i.imI  i  relulo  it*  imlor  (l“fi  IkumIi  un-i  inii*‘r  (ri;^ht  hfiiul)  for 

n  rij»lit  Inrn.  'rin*  .•siiltMTip! >  k  nro  I.  *J  :umI  ',\  rrprv't  nt  i llu-  Tiitm  uml  renr  sections  of 
the  tractor^  uinl  the  ImihT,  n‘>|n.‘«‘rivcly, 

**)  Till*  (rlclM*a  rirrlc  the  I’l'iNinrim  tini  rotidlioii  force  in 

tho  !>t>rizi>iital  ;^roiinil  piriiu*  i:*  liiiiiir*!  lu  tlio  J  rit  tittn  \  t'rtii.al  louil  ^'roJuct. 


force  vector  prtMlueeil  liy  tlic  lot.-il  nuiss  ;it  the  e;r  (if  tlie  totjil  huish.  This  teeh- 
iiiqno  of  .sepiiruliiijr  rh.‘  fofiit  msss  into  (wo  equivaKiit  musses  proves  to  l)e 
pnrtieulnrly  eonvenieiit  in  deriving  tlu*  <'eMtririnz;il  fon-o  terms  in  the  (spnitions. 

To  siiminnrize,  (lie  foMowiiin  jissiiniptimis  urc  miul,''  in  writing  equations  (1) 
tliruugh  (G); 

1)  The  tractor-trailer  vihielo  turns  on  a  non(lerorinal)le  level  siirfni-c 
possessing  isotropic  ( 'oitloinh  friction  properti«-.s. 

2)  A  total  of  four  ilcgrees  of  (reeilom  are  coiisiilertHl,  namely: 
a)  two  translational  tlcgrces  of  f reeilom  of  tlie  tractor, 

10  one  rotalioiiai  ilegn-e  of  freisloni  of  tlie  tractor,  and 

e)  one  rotational  ilegree  of  freedom  of  tlie  trailer  relative  to  the  tractor. 

3)  The  tractor  anti  trailer  are  rigid  hoilies  with  fixed  center  of  gravity 
locations. 

4)  ^fotion  rcsistiinee  created  at  the  t ire  gronnd  interface  is  independent 
of  vehicle  velocity. 

o)  Vertical  tire  loads  are  indepeiidi-nt  --f  the  Iinigitndinal  coiiipoiieiit  of 
cent rifngal  aeeeleral ion. 

G)  Tilt'  drawhai'  hinge  is  irietionless;  i.t*.,  it  does  not  resist  motions  of  the 
trailer  relative  to  the  tractor. 

7)  Tlie  eoinhined  vehicle  n)ov<>s  in  a  constant-speed,  eonstans-radiiis  right- 
hand  turn  with  the  turning  eeiiter  always  to  the  right  of  tlie  inner  (right)  tire.s. 

8)  The  independent  varialiles  are  .ste-.ring  inpiil.  5j^  or  p,  and  thrust, 
.Njt,  ill  the  idaiie  of  the  tire. 

Solution  of  simpllfted  approximate  equations.  --  It  is  po.ssihh-  to  obtain 
a  sidntion  of  oiiuatioii-i  (11  thronirh  '^G)  to  ,vieid  ii...  v-.  r,  mid  <■>  as  a  funetiuii 
of  the  independent  varialiles,  p,  and  Xji-.  hy  means  of  mi  iterative  .solution 
teehniipie.  .\ii  e.xtmi.sive  iniraiiietir  study  lo  ileteniiiiie  speed-tlinist  relation¬ 
ships  as  a  fnnetion  of  tire  properties,  veliieie  geometry,  steer  eoiiligiiration,  and 
drive  cniingiiral ion  is  i|nite  feasildo  it  mai-hine  eoiiipniing  niethuds  are  nseil. 
I’rograiiiiiiiiig  of  these  e(|natioiis  fm-  solution  on  a  I t.itatron  204  eompiiter  ha.s 
lieeii  aeeoiiiplished  Inti,  siiue  the  ohjertive  of  tliis  paper  is  to  iiiijdi-iiu-nt  a 
physic, il  nndeistaiidiiig  of  tlie  vehiele  tiiri.'iig  ))roeess.  atleiilion  will  he  dii\ete<l 
]iriinarily  to  the  i-losed-lorni  solutions  lliat  i;in  he  diriviil  when  ei|ualions  (1) 
ihro'.igh  (0)  are  approjiriately  simplitied. 

In  addition  to  the  iisn.nl  siiiijilitiealion  achieved  hy  assuming  all  aiigle.s 
.‘nilTieienl ly  small  such  that  cosy  =  1,  sin  y  —  y,  and  tan  y  -  -  y,  two  additional 
assumptioiis  are  made  to  assist  in  simplifying  the  inohleiii.  'I'lie  first  assniiiiition 
is  that  the  width  of  the  veliiclr  is  small  in  relation  to  its  radius  of  turn.  This 
assumption  permil.M  rolhii>siiig  ihe  veliirle  to  a  zero  width  siirh  tliat  t!ie  snli- 
.seriiit,  j,  to  denote  ilitier  or  oiilei  wlieels,  disajipears.  Tlu-  second,  and  major, 
assumption  is  that  ei|iiiilion  (G)  can  ho  re|>laeod  b.v 
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wlu'l'r  1\  i"*  tlif  lilT  riinsiiint  tll.it  is  irffiTPil  to  iis  «  t 

st ilTiii'***  »  "I*  tiiv  « (•(ii'iicriiitj  |ii>\vci'».  Note  tfuit  t.’^  ii'pivst’iitM  !)»<•  ronihinwl 
ciU'iM'l'llijz  siifTnoss  tif  tin*  rij'lit  U-ft  tin-s  on  t‘iu-h  axle.  Tin*  almVi*  thret*  stops 
K'iiil  la  !•  set  Ilf  sini|>Iili<><1  oipiatioiis  fi-om  wliicli  it  U  |>osi:iiilc  to  ilerlv'*'  tlie  1m4o\v 
t:ili!(lfi)i»l  sohitioiis  1(11-  the  vjiwiii;;  veliMity,  r,  mill  the  loi-.itiiiii  of  th«  turn 
t  |■lJlu  the  vi'hifle  \  axis  ainl  ahead  ot  the  roar  a.xlt*,  Uj/r  nnd  v./r, 
respirlively.  as  a  fniii  tion  of  the  thinsf,  X,.  and  tin-  stis-r  anyth'  *k-  «>•  tlio 
ai'tieiiliil iiifi  anjrle,  />.  It  is  eonviiiieiit  to  irrite  the.so  solutions  .v|»»iratcly  for 
tlie  Aekeniiaiui  and  ailimlated  sleeiinj:  easis.  Thus: 


til) 


(12) 


(Id) 


Noll'  lllat  ei|Halioiis  (S)  ihloU”h  (  lOl  Iiolil  for  either  fi-iuil-  o)'  rear-ivlierl 
Aria  I'liinnii  sireriiif;.  as  welle  as  for  steerino  ihe  front  and  eiMi'  M  lieels  siiinit- 
laiK'NilsI.''.  |•■lll•  rjolit  Inriis,  d,.  and  p  are  always  positive  anoh-s  and  i'*  always 
a  iirynlive  aiiole.  If  lear-Mheel  steeiinf:  is  assnnnd  til  lie  zero  —0),  it 

is  sei  M  llnit  ei|tiatiiins  (!l\  i  10),  <  12).  and  (Id)  are  ideiitieal  in  foi'ni,  «!iiell  result 
states  that,  for  .small  angles,  arlinilal  iou  steer  is  eipiix  .dent  lo  fiont-wlieel 
Aekci'iiiaiin  slier.  Ihe  above  eiinaliiuis  yield  the  yawiiie  Mdoeil.i'  (0  the  turn. 
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tln'  ilLstaiu-c  tif  ilii*  lui’u  I'lxitii  tlu*  X  ;ixis  (Inn^^'uiitliuul  axis)  nf  tho  v<‘Uu-U“, 

a!ii!  tlu'  tlistjinof  tif  t!w  turn  ifiiti-r  from  tin-  y  axis  (lateral  axis)  in  tliat  onlcr. 
l■’if;l^^o  1  slum's  tlu-s**  tlislanccs  clearly.  In  aililition  ti»  tlu-  input  vai'ial)los,  X,,, 
S|,,  and  p,  tlircs'  veliieU-  iiarann-ters  apiu-ar;  namely,  vehicle  mass,  tiro  coinoring 
slifTnes-s,  and  veliieli*  wli*>el  Ixwe. 

The  innst  sigiiideant  rc-snil  ohtaineil  from  .sohitinn  of  the  siiniililiecl,  linear¬ 
ized  e(|t(atii>ns  of  <s|niiiliriuin  is  the  ivlatioiiship  iK-twei-ii  yawing  velocity  and 
itcpitl  thrust,  exj>ress*sl  l>y  cs)nalions  (S)  atnl  (11).  In  essence,  these  eitnation.-f 
yield  the  ineremef.lal  thrii.sts  that  imisl  la-  providi-d,  over  and  alscve  the  thrust 
values  net-ded  to  maintain  c-onslant  veloi-ity  in  straight-line  motion,  when  the 
vehicle  is  pul  into  a  turn  hy  means  of  a  steei'ing  input,  Sk  or  p.  l-'or  a  fixed 
vahie  of  steer  angle,  the*  .viewing  veliK-it.v  in  a  turn  increases  as  the  caie-foui  th 
])ower  of  the  tractive  effort.  The  ph.csieal  ex|>lanal ion  of  this  theoretical  result 
derivi-s  fi'oiu  the  manner  in  which  pneumatic  tires  produce  the  side  forces 
refiuired  to  hold  the  vehicle  in  tin-  torn  against  the  action  of  centrifugal  force. 
Siiu-e  the  tiri's  must  op<’rale  at  a  slip  angle,  the  entire  vehicle  must  .nssume  an 
attitude  angle  with  ri-s|M-el  to  its  velocity  veetoi-  ami  aeeordingl.v,  in  a  turn,  there 
exists  a  eomponriit  of  eeiitrifngal  I'oi-ee  along  the  x  axis  of  the  \ehie!i-,  in  the 
negative  or  rearward  din-elion.  This  centrifngal  force  component  eonstitules, 
in  effeel,  an  <  inditeed  ilrag  »  that  dis-s  not  exist  for  straight-line  motion.  The 
(incstiou  Jiaturally  aris»-s  as  to  wln-tlu-r  there  are  vehicle  design  features  tluit 
have*  a  signilieant  hearing  on  the  level  of  the  drag  that  is  induced  in  a  turn. 
Tliis  (|nestion  is  parlienlarly  jM-rtineiit  when  a  tractor  is  used  to  tow  a  trailer 
that  has  a  sizeable  muss  as  well  as  a  given  level  of  rolling  n-sistanec  or  drwg  in 
stiaiglit-line  motion. 

M<inations  (D),  (10).  (  !•’).  and  (Id)  shed  adtlilionai  light  on  the  |ihenomeimn 
of  turn-indiieed  drag,  since  they  yield  the  Iim'Iis  of  the  Inin  eenti-r  as  a  I'nnetinn 
of  the  )'awing  vehieil.v  of  the  vehicle.  Miinalions  ( l(i)  and  i  I'd)  demonstrato 
tlinl  the  turn  e<-nler  must  move  forward,  lelative  to  thi-  y  axis  location  in  the 
tractor,  as  speed  is  ineix-asi-il  in  the  turn.  \Yilh  inen-asing  foi-ward  movenienl 
of  the  turn  center,  the  eoinponeiil  of  eenlrifngal  aeeeh  rat ion  along  the  longit- 
ndiiial  (i.e,,  x)  axis  of  the  Iraetor  iH-eomes  a  retardiing  force  of  signilieant 
magnitude. 

l'li|Uations  (!>j  and  ( I-)  .veld  the  location  of  the  turn  center;  i.e.,  the 
perpendienhir  distance  fnnn  tin-  .\  axis  of  the  Irai-tor  to  ihe  center  of  the  t\irn. 
In  elVeet,  U-.;/r  is  approximately  equivalent  to  Ihe  radius  of  turn,  and  eipnilioii  (h) 
eonslilutes  a  i estatvineiit  of  the  'relal ionshij*  iH-lwt-en  turning  i-ailins  and 
various  veliieh;  parametei-s  that  has  hei-ii  «lei-ived  previonsl.v  in  in\ esiigations 
of  the  stahilil.v  ami  eoiilrol  of  automotive  vehicles*.  It  should  be  noted  tliat 
the  (lUanlit.v  m,/e,  —  iMt  e.  is  positive  when  Ihe  vehieh'  has  a  iiositixe  stability 
margin  as  defined  in  referenee  2.  If  the  lerminulog.v  of  «undersleer»  and 
«ov<'rs(eer»  is  used  to  tlesignale  vehiele.s  with  positive  and  negative  slahilit.v 
margins,  resjxeetivel.v,  ispiations  (li)  and  (12)  show  llial  tlie  dislaiiee  from  the 
turn  eeiiler  to  the  x  axi.s  »tf  Ihe  tra<-tor  increases  with  increasing  speed  for  an 
nndersleer  vehicle  and  vice  v«-i-sa  for  an  oversteer  vehicle. 
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_  The  turning  performance  of  a  hypothetical  tractor-trailer  vehicle.  — 

Bcfori'  to  oxaniiiii'  11k>  tiu-niii<'  iM'liavioi*  of  iiii  Jissuiiictl  Ifiictor- 

tr.-iihr  <-«Mii)>iiiatioii  '.villi  tiu'  aid  of  cqiiatiuiis  (8)  aiul  (18).  sniiii'  t‘4)iMiil<  ratioji 
should  Ik*  {jivi'u  to  iiidicatint;  tho  d«‘oi».o  to  wliioli  tlic  solutinns  of  tlii'  iipiuox- 
iniiiti'  tlu'ory  af'nv  with  tlu*  results  \  icldctl  l>y  t'(|uati(>iis  (1)  tlii'oii;;h  ((i).  Fij;.  2 
shows  a  fMiniparison  Im'Iwcoii  « «-x;i<'t  »  anil  lini-ai'i'/.i-d  thci'i-y,  whi-n*  tin'  f.'dcu- 
latioiis  havo  Ihh'ii  hasi'd  on  llif  trai-ior-tmili'r  vohiiU'  sju-i-itiid  in  tahir  I.  .Shown 


Kin,  —  ! Ilf ffiuFiil rtl  linrsi*(»«iu IT  nM|,iin*'l  in  it  Inrn  )•!n•lll<'(>ll  |»v  n 

iiiriit  v.s.  Kurt'iiril  wlutity. 

jdotti'd  an-  ihi-  iiu-ri'iiu'iital  horsi'iiowrr  ri-i|iiin'd  in  a  tiiiii  jiiodiici’d  liy  n  sti'cr 
out'll-,  ’’  di'^i-i'i-s  •),  as  a  fuiu'tinn  of  tin-  M-locity,  u..,  aloni'  iln’  lonoit- 

odiiial  axis  of  tin-  tractor.  It  c.in  lie  oliscrvi-d  lliat  tlu-  diffcrciu-c  in  llic  two 
solutions  is  practically  nonexistent  at  4cntrifii}:.-d  accclciiitioiis  helow  0,8  j:  and 
that  the  difference  i.s  still  not  aiijucci.-dilc  at  0..'>  l-’or  the  iissiuncd  vehicle, 
approximately  thirty  additional  horsepower  are  leiiuiied  to  turn  at  0.8  ^ 
liitci-iil  aeeclei-atioii  and  ajiproxiinately  oiie-hnndreil  additional  liorsepower 
at  O.ii  g. 

Fioufes  8  throiiKh  II  have  aeeordin"ly  been  ])lotled  on  the  h.asis  of  ealeiila- 
tiens  ti.sin^  equations  (.'-t)  throiijrh  (18).  It  shouhl  he  realized  tl'.at  tile  trends 
.shown  Ih-eoine  qiialit;itive  in  nature  for  ecntrifuc.d  aeeeleral ions  ahove  0.5  f;. 
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Note  I  III'  wicii'Hii-iifiil  (hnisf,  T,  shown  jiloffi'd  on  these  figures,  is 

ill-fined  ns ; 

T  =  X, +  X, +  X,  (14) 

The  term  «  inel'eliielitiil  >  is  used  to  desijiiiiite  tile  thrust,  T,  is  the 

jiilditiiMiiil  llii’iist  re(|iiire<1  to  inuintuin  a  given  velocity  and  eurvaliirc 

over  and  nhove  any  straiglit-aliead  motion  vt-sislaiiee. 
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111  {i'll,  itie  r.illiiwiiii;  (|ii!iiilii io>  were  leMimi'il; 
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II,  =  II,  --  ■-'>  fl  /I  -• 

g  ll/M'c- 


ll  is  lieli'.’vetl  that  eniisiderahle  insight  into  '  eliiele  t m  iiing  behavior  ean 
Im?  ohtaiiieil  liy  ri-rei'riiig  In  ligiires  ll  thrimgli  11.  'I'he  elVeets  on  \e)iie)e  hehaviiir 
of  the  stabiiily  niaigiii  and  the  inesenee  or  lael;  ui’  a  toued  lo.ul,  as  well  as  the 
inetluid  Ilf  steering,  are  highl,v  .signifuaht  i|naiitities  in  lie  e\ i.lua led.  Accor¬ 
dingly,  it  was  decided  to  select  a  set  of  |iaranieters  fni-  a  reasonable  ^•ebiele 
eDiifiguralioii  and  eialnalc  the  steering,  .s'abilily.  and  drawb.ir-pull  I'lTecIs  upon 
tin*  local  ion  of  the  luriiing  cenli'r,  the  tlr,  ast -sjieed  relal ionshii*  ,.’i'i  the  inere- 
mental  Inn .se]iiiwer-s|)eed  relationship.  Talile  2  indieaios  tlie  eigh,  i  n  eases  that 
were  cmisideni]  (three  sleering  nielhods,  three  slahility  iiiaigins,  and  two 
di'iiwhar-))nll  eiiiiligiirat imis)  and  detiiies  «  ease  »  iiuiidiers  that  appear  on  the 
figures,  'i'he  iiehial  iiaraiinler  \ allies  for  eaelt  ease  ean  lu'  determined  from 
tables  3  and  4. 


Kijinros  iiiiil  4  ilt'.sciilH'  the  inlluoiwo  of  :u'<-<’!('i;ition  on  tlie 

Incut  ion  of  the  tm-ninn  ccMtcr.  Tlu'  linnres  ore  plotted  to  scale  with  tlic  vehicle 
show  II  at  the  top  and  the  turn  eciiier  loeiis  shown  at  the  iMiltuiii  with  net 
Ihj'iist  as  a  paranieli'r.  Note  that  the  loeatioii  of  the  tiiriiin^  ifiiter  always  moves 
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Fin.  .1.  —  Turn  center  liM'iilii>ii  fur  three  .-teeriiin  neeiuetries  ns  a  funrtiuii  of 
iiipiit  ttini'^t-iiM  itriiuliiir 

forward  with  thrust  (or  speedi.  Tltis  is  hecatiso  of  the  previotisly  discussed 
necessity  of  general  itin  tteeative  sliji  iitijjlcs  to  cretite  positive  side  forces  to  hold 
the  veliicle  in  the  ttirti.  1'liis  tesiilt  olitnitis  for  all  eases.  \Vh<it  the  stttliility 
inttfoin  is  jiositive  (or  tiiiilersteer),  the  loetilioii  of  the  net  side  force  vector  is 
iift  of  the  loe.'itioii  of  (lie  irtietor  restiltino  in  ;t  yjtwiiifr  aionient  tlnit  teiuls 
to  steer  the  vehicle  out  of  the  lurti,  thus  imiettsin;;  (he  turn  radius.  A  zt'ro 
vitltte  of  stiihilitv  tiiiiiirin  reiinires  the  not  side  force  vector  to  be  eoitieideitt  w  ith 
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T.vbi.k  2.  —  Kri/  to  rehii-lr  vnnfi;fi*rHtiott.t  (.xr«*  figure*  2-fi.  S-tO). 


Caar 

?llr^rin,f  f;x«a»^lrj 

nuMTi* 

Drawbar  load 

1 

f*n»nt 

4- 

withiiul 

tfi 

T’roiit  »\  he«?l 

+ 

with 

;i 

Kriint  whrfi 

— 

u  ithniil 

4 

VruHt  whpa>l 

— 

with 

5 

Kriiut  wht^i 

0 

without 

«: 

Vronl  wtia^l 

with 

7 

lli'nr  \vhe«^l 

+ 

without 

S 

Ufur  wlivrl 

4- 

with 

0 

Roar  wheel 

— 

without 

1(» 

Roar  wheel 

— 

with 

11 

Koiir  whorl 

o 

without 

r.* 

Hour  wheel 

» 

with 

1.1 

Arlioiilnlctl 

.1. 

without 

u 

Artioiilnleil 

T 

with 

i.'t 

.Vrtiriilnlnl 

— 

without 

Ki 

Aniriilnteil 

— 

with 

17 

A  rt  loiiialcil 

1) 

« ilhout 

IS 

A  rtirulaleil 

»» 

with 

•  rchlrh*  p*irt$tn*tfr  V 

•oliiia  (iiiillli  rfftil* 

iifglrcleil). 

XcUlMl  Alcvr 
it«iior 

l)v..r»if,.r  lrsn«r 

I'niliTalrtr 

1  Factor 

fi.  II.  !•.•.  IT.  M 

4.  9.  IP.  I'..  IS 

1.  T.  7.  e,  IS, 

a,  ft 

7.5 

.S..5 

r..5 

.1; 

7.5 

SJ 

a. 

2.0 

2.0 

2.0 

»> 

10.0 

lO.I) 

m.o 

111, 

•JI.S 

•_M4 

111,  ^Iiii;* 

IMS 

2\V 

m. 

110 

310 

310 

c, 

40,100 

40,r><io 

r,  1,100 

r,  lli/rii>l 

40.400 

51,400 

40,000’ 

C. 

•51,400 

.5:1, 100 

.33,400 

.  —  .Sliiriiii/  iniiiils-ili’grfCH. 

J^lffrlnc  Ki'omi'lry 

S. 

4 1 

P 

I'riiiil  wliecl 

rt.« 

0 

0 

Hrnr  nlioi-l 

0 

S.6 

0 

Arlii’iilaloil 

0 

0 

s.o 

]4 


the  ru  Min-h  that  no  r.-tnriiifr  ni<init>nt  w  {p'OcratiH!  in  n  tiun,  thiM  rntrstnff  the 
turn  M'Mtrr  to  mnnin  a  «-onstniit  tlntaiu'e  from  the  center  line  of  the  vehicle. 
The  oversteer,  or  ne;;:itive  stahilitr  margin,  cases  eieatc  a  poslU'e  yawing 
nioinetit  in  the  turn  «lue  to  the  net  si«le  force  vwtor  lying  alu'iitl  <tf  tl>e  eg.  The 
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Fitf.  I.  —  Turn  renter  locntitm  fur  three  .'leeriin;  jieoiiiel rie.n  u»  ftiiielinn  af  ini>ut 

tlirii:>t-\vith  «lmwt.aT  Kmil. 

jtosilive  yawing  inmiieiit  leiuls  lit  tighten  the  turn,  or  leiliiee  the  (»*''>  lailius. 
The  etirees  .shitwn  as  figtii'i’s  tt  aiul  4  atv  tlie  same  on  each  figiii'c  htc  the  .same 
stiri'ing  lonfigai.ilion.  Note  that  a  given  anmiinl  of  thnist  modifli''*  ihe  turn 
eeiiler  lorotinii  of  the  tractor  trailer  conihinatioii  lcs.s  than  the  ftifetor  alotie. 
Tlii.s  is  heeaus*-  the  cent rirugal  .leeelemtion  generated  at  a  givt ))  thiust  is 
less  with  a  iliawhar-loail  l*ecaus«'  of  the  rerlttr-ctl  s]tec(l  resultii)<f  from  the 
thrust  increment  nsinireil  to  low  tlie  load.  No  sigiiilicinit  ii(lvii(ll/)ft('  t'f  one 
steering  indhixl  over  another  is  evident  from  the  figiu'e.s. 


fKO'it  steering 

MOCC  DR4WaAR  LOAD 

UNO£R51Et<»  NC 

yNCE«ST£C^  TES 

OvEfiSTi:^  NO 

OvEHSTEER  yes 

.nEU.RAI  S*E£R  no 

neuthal  steer  yes 


KijjMii's  •*>,  (>  iiinl  7  slmw  tl\('  niiiiuu'r  in  whii-h  forwiii-d  vcloi-ity,  xij,  varies 
with  ineremciital  thrust,  T,  ri'niiircd  in  ii  turn  (stcriin}'  (lisplncrtnonl  hcjil 
lixisl)  ii  fiiiK'tinn  of  stahility  margin  and  pi’esenei.’  of  a  towod  load  for 
front -wlxs'l  stiiTinn,  rear  wlircl  stieiin};  and  arlirnlation  stcrrinR,  respect ivcdy. 
On  examination  of  a  typical  itlot.  fi;'.  .7,  it  is  seen  that,  to 'maintain  a 
spei'd  of  ft  'see  at  a  steer  anjjle.  S,  =  S.G  <le(;.,  inercinental  thrusts  will  be 
reipiired  raiijrin;;  front  Hkl  Ills  (approxiinatelyl,  for  the  iindersteer  traietor. 


T  (u6) 

Kiu.  r»  —  K'<r«iiri1  vclnritv  \s.  'I'nisil  •Iriviii^  tlirii>t  f.ir  lliroo  >lnliilitv  ii>nr;;iii>:; 
tviili  mill  wiiliiuii  'Iriiotinr  Imi't  iirticiilnleil  stccrini'. 

withnnt  ii  trailer,  to  4t)0  llis  taiiproximately)  for  the  oversteer  iiactor  pullinji 
tlie  sitecilied  trailer.  For  the  rear-wheel  steering  eonfiiniration,  the  inereint  iital 
thrust  re'juired  (lor  Uj  —  dOft/  Sce  and  5_.  -■  — S.G  de};.)  rant:es  from  ajipro- 
xiinately  It'O  lbs  to  400  lbs  with  the  ininiiimin  thrust  reipiireiuent  again  existing 
for  an  iitnlersleer  vehicle  without  trailer  and  the  niaximuiu  tlirnst  rcqnireinent 
for  the  (iverst(s-r  tractor  willi  trailer.  The  results  jilotted  in  lig.  7  for  the  articu¬ 
lated  sice)'  eoiitlguration  are  ver>  simitar  to  the  results  shown  in  fig.  .7  for  the 
frout-wheel  steer  configuration. 

The  computations  discussed  ahove  have  the  disadxantage  that  the.v  apjtlv 
to  a  fixed  value  of  stieriiig  iniuil  with  the  result  that  the  jiatli  curvature  or 
railin.s  of  turn  is  cliaiiging  continualls-  with  speed  as  a  function  of  the  st;ihility 
margiti.  ll.v  erossjilotting  a  suilahlc  set  of  eahndatious,  it  is  )ios.sil)Ic  to  deriie 
ettrves  similar  to  those  shown  in  ii-nrcs  through  7,  cxcvjit  tliat  curvatmv 

or  turn  railius  is  !;eld  fixed  instead  of  steer  anjile.  This  pioeedmv  iicrmils 
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tlrjiwiii!'  niiK-lusioiis  jihout  tlii’  infliu'iu***  of  sljihility  niarfriii  mi  thrust  nsjiji- 
ivincuts  in  n  tuni  for  locninuf ioii  (iiH'ratioiis  as  ihry  M'oiih)  ut'rnr  in  practice. 
Fip.  S  shows  tiint  a  fi-onf-whccl  stt'ciiiiK  tractor  witliout  a  towcil  turning 
at  50  I't/scc  on  a  100  ft  railius  lias  an  inciviiM  iilal  thiiist  n'quiriuncnt  r.in^in" 


n  2  (fT/S£C) 

s.  —  Tlirii>(  to  tnuintnin  a  niio-hiinilm?  turn 

a-*  fi  luiictinn  til*  r>*r\vitr<l  vdocitv  for  tlirrc  ^!u^iIily  innr;'in!4. 


Vij:.  —  I'outT  rt'tjuirfil  t«>  nitiiiilain  »  ft»n>t{iiit  vp!*»rily  in  ii  Itirn  for  three 
.'JliiMlity  iniir^iifi;  with  an. I  vvithmif  ii  ftiwotl  Imol  front  A«’kt‘riiinnn  .stoorinjj. 


from  17-')  llts  to  ‘i’JO  Ills  for  the  Iiocls  of  stahilily  margin  assumed  in  these 
ealelilatiuns.  It  should  he  ohserveil  that  an  oversterr  vehiele  i'is{iiircs  more 
drivintt  tlunist  than  the  uiidersleer  vehieie. 

'j'he  iiicri'ineiital  hoi-sepowiT  |•elHli^ed  to  maintain  a  const  an  t-sjHs'd,  eons- 
taiit-steci'  an;^le  turn  is  shown  for  the  eiulrleen  eoinhinal ions  of  staliilily  margin, 
steoring  geometry,  nml  di'awltar-jmll  in  tignr<  s  *)  tlirough  1 1.  The  most  sigtiifieant 


fi'jituri'  to  Ih'  noted  in  tln-sc  lif'iui's  is  tlir  rniiiil  increnst?  in  j)owcr  n-fiuirfiuents 
with  fof  nil  ('iuhteoa  «*ascs.  As  noted,  titis  is  onistsl  by  tho 

foi’wnrd  tnotion  of  tlic  tiifnin*;  «vnl«'r  ntul  the  coiisoniifnt,  r«'iir\va»‘<l  <-oniponont 


FiJ  JO.  —  PosNtT  to  tiininliiiti  n  «*«»nstnnl  voltnity  in  ii  turn  for  three 

.'ifsiWiJny  with  utut  without  u  towel  loml-rOMf  \vhc»‘|  Arkortiifttm 
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Fix'.  M.  —  I’owvf  reijutrej  l*i  tiintniNiu  :\  rou'*l;iiit  velocity  in  u  turn  t*»r  tliri'O 
c>lul>ility  iu:ir;;iM>*  with  an*l  wiilioiit  n  towel  lorul  arliruhttri]  >1 

of  ei'iif ('irn^id  fonv,  or  indu<'<t1  drny.  It  is  jii^pni'i-nl  tlint,  tor  tiio  ivs>unu'd 
speeds  11])  io  tliirly  lV»'l  (ler  serond  con  In-  nsdi/.ed  ;it  lioi'.‘»'])o\vi'r 
iiii-ieiiK'O'-^  "f  iwciity-live  or  1;''^;.  I'ui'llier  iuereasis  in  -sju'ed  ennse  drastie 
i nei'i’iii'  /J ' s  in  power  lor  all  rases. 

]t  is  siirniliranl  that  tlir  sinn)lirnd  tliroiy  dors  )iot  indualL'  that  any  onr 
stcoi'iiio  un-thiHl  has  any  advanlajxr  ovrr  any  othrr,  with  irsiirct  to  jn)Wrr 


niinil’ClIH'Uts.  On  Iho  otluT  lunnl,  tlu‘  «  os.-u-t  >  tlicdry,  wliii-li  rctniiis  tlic  .sig- 
iiifit'niil  Hniilnu*:iritu*s  to  tiri-  l)i-liavioi',  shows  tlial  it  is  iirrossaiy  to  i-onsidcr 
the  «IUf rilnitum  of  power,  sturiii^.  ainl  1oa<l  tratislVv  to  all  four  wluols  of 
the  vi'llh'le  Jtt  hinh  roiitrifKj'al  areelcnithms.  < 'onsriiiii-Mtly,  it  <aiiii(it  he  stateil 
that  the  iiirtluxl  of  stierino  has  no  inlliu  iice  whatsoever  on  the 
sleatl.V-  state  turn  iH-rttuiiiaiuT  of  a  pniMimalie-t iie<l  vehicle,  e\<'ii  thou;>ii  tho 
simplllletl  theory  siiys  that  sjM-,-,|.li,irsei>o\v»r  lelatiuiishiiis  in  a  turn  are  not 
inlhielli'iil  hy  .steeiiii;;  «:eoi.>utry. 


Concluding  remarks 

I)  For  eentrifneal  ae«-eli-rati<ins  Ih'Iow  0..')  e,  the  thinist  rc-iuiriKl  to 
overcniiir  the  iiiduml  (Irajr  in  a  turn  inereiisi's  as  tlu‘  linirlh  jiowvi'  of  the  veloeity 
of  the  vrhiele. 

-)  The  turn  o  uter  of  a  piM  iunatir-tireil  vehicle  alwa>s  moves  forward 
with  iliereasinp  veloeity  aiul  moves  out  for  away)  lioni  and  in  towaids  llu' 
vehicle  (lepeiidiiifT  on  whethi  r  the  siahilily  margin  is  jnisiiive  or  negative. 

;|)  A  towetl  load  or  diawhar-indl  reipiiieineiil  will  mces-sitate  additional 
thnisi  In  Ik'  proviihsl  hy  a  inu-tor  in  a  lorn,  which  thrusts  will  Ite  primarily 
a  rniirllnii  of  the  mass  of  the  t<*wed  load  rather  than  a  fiim  tion  of  its  .stiaight- 
nmtinti  rrsistiuiee. 

d)  l''or  a  turn  of  oMistaiit  radius,  ati  oversleer  wdiiele  will  rrquiro  more 
iiiereiiieiilal  thrust  versus  v»I<Kily  than  will  he  rei|uiiid  hy  au  uudersteer 
vehicle,  over  the  range  of  velocities  or  <-entrifugal  aeeeli  ration  fur  wliieh  tl:e 
•  lerived,  simplitied  theory  is  valid. 

o)  For  a  restrieteil  range  of  eeiitrifuual  aceeleraliuii.  steering  geometry 
has  no  inlltu'iiee  on  .sjnHsl- thrust  relationslii))  in  a  turn. 

JCK  —  The  .Vuilows  luh  now  ledge,  vitli  jiiimy  ttniiiks,  the 

.NUpjHirl  of  Itolh  tlio  lamJ  !.«).. iiie'ti.xi  !{<''Carcli  aii<l  Dynionic  Sinoih'.lii.iis  L;djf>ratoric.s, 
U.  S.  Atmy  Ordanmo  Ta(ik-.\ulonit>ii\e  ('oininand,  in  the  jierliiriiiaiiio  of  the  resiarch 
lending  to  lesulls  ileseritus;  Iierein.  In  partieiilar,  lo  know  ledgnieol  is  iiniile  to  Mr.  F. 
I’nulko  for  pormissioii  to  jnihlidi  tliia  inforiiuUion, 


IfllU.lOliHAIMIY 


1)  .Scgcl  I ..  tlc>carcti  in  ttic  rnn.l;iiii»'iil at.-*  of  ;inloiiotl>ilo  I’oiO  rot  an'l  .^udiilit  Tmiisni’* 
liiifi-i  of  llio  !S(u'icly  of  .\oloiio>l ive  Kiigoo'fr>.  cot,  li."),  |Mg.  .■|'jr..)40,  JU.'ji. 

-)  fScgi'l  I..  Tlicorcl  ii  at  prtttiolion  nn.l  osiicriiio-iilat  .ani iai  iioi  of  |1ie  rcsputiso 

of  llu*  am oiiMiliite  lo  <tcf-rii»g  «-oi(lrol,  Pr«H'c»’*liiij;s  of  ilir  .V'.iioiiMOiitc  l>ivisioii, 
itii*  tiislitiilion  of  .\Ir«'li;iiii«-nI  Kiij;incc»s,  io».  7,  lr.ai-l’.*.)7, 
a)  Vintll  K.  I.ateral  forces  on  nOliiig  pneumaTo-  liros.  ZcOM-Iirifl,  \.I>.L,  vol,  O'i, 

io>.  jiag.  i'T.a  ;»7i»,  it*.**. 

4)  I’MCi-pkn  II.  U.  of  llio  lalrral  lieliaxior  of  na  a  ul  .iraul'ilc  inoviiig  iipiin  a 

tlfpl,  level  rttrtil  aiol  of  an  aoalt»g  meltual  **f  sotviiig  llu-  proliieni.  ttcjmrt  of 
(lie  l.aluiraioriiini  vo-rr  Vocrlnioiecliiru'l*.  TiuloiiM'tie  lii'gc'eliiol,  I'olft,  tyjS. 


—  2GI  — 


n  I  s  c  u  s  s  /  o  N 


1m.  amici.  —  Volovo  airOnitoie  conic  Ini  caiiinliiitto  I'innuonzrt 

tloviitii  allc  vrtfia/ioiii  tli  vcloi  ita  iicllo  .s|>ONtaiiiciitu  <li  l  ccntio  ili  rotnr.ioiic  del  vcirolo, 
Iin  )>un*  csiiiuiiiiito  riiilliicii7.a  ilrllc  viiiiii/.ioiii  ilcllc  ciiiiittoiisticlic  ili  ilcrivu;  cioo 
lU  >|iictle  I'linittcnMiclic  Intcia'.i  ilcl  piii-iiiiKittco  4i  ciii  li  b  laiclnto.  K  in  partirclarc 
occorivrcblM"  l■^llllliMnrl‘  Ic  vneiazumi  in  liiii/.ioiic  ild'  oicsaiop.c  ili  fronfiamento  dri 
pMciiiiiiit ici.  Saiclilic  iiinllo  iiilcrc><:i!ito  <l:i  csaiaiiiarc,  ,ii  cuiicliisiono,  qiinli  inflneilJ:e 
liniiiio  Ic  varia/ioiii  ili  )ii'c."i<>iii  <li  ^oiiliianciilo  siiDn  xivi  astci /iil  iii  a  ri1  ciitro  i(iiali 
liiiiili  si  lain  corn-zircrla  iiiciriaiilc  cotre/.ioni  ilcllc  i)rc.-.?-ioiii  ili  ;;nnlIaiacntO. 

D.  C.  CLARK.  —  Till’  analysis  |ll'l•sclllc■l  in  this  iiajicr  has  assiinicil  the  cornering 
stilTiii'ss  lit  the  iiuliviiliial  tires  to  he  aihiliaiily  siiCcihcil  i|ii'intitips.  ^  allies  of 
eonicring  sliirness  were  sclcctcil  that  arc  reiiresinlalivc  ol  the  si/cs  of  tires  rcfinivoil 
to  sii|i]ii>il  the  a.'sinaeil  \vci;;lils.  The  .static  niari;in  ol  the  lowiin;  vehicle  Mas  varied 
ill  this  study  liy  uiljiisling  the  rclatiw  lalcial  still ni.ssc.s  o|'  the  I'roiil  and  rctir  tires. 
For  a  given  tire  in»tallal inn  a  change  in  hilcra!  sliiVness  lanihl  he  |)i inliued  hy 
cliaiiges  in  tire  inllalion  |irc.ssnrc.  However,  to  calcnlale  the  exact  change  in  static 
innigiii  prinluced  hy  vnriiitions  in  lire  pre.ssnie,  it  is  necessary  to  olilaia  exiioriinental 
data  front  apiiroiiriate  lire  tests. 


N.  18 


The  statical  analysis  and  experiment 
on  the  force  to  the  tractor  wheel 

Analisi  statistica  ed  esperimenti 
sulla  forza  alle  ruote  del  trattore 

Tak\.siii  Tanaka*) 


ABSTRACT.  —  Attpltcation  of  the  rttatiru!  mmlysis  which  has  been  used  to  thf 
lehlcles  on  the  road,  autotnoltile  and  other  cars,  to  the  farm  wheel  of  tractor  gives 
us  the  false  results  sometimes  by  the  diflcrences  of  soil  condilion.i.  Then  the  neio  idea 
must  he  given  to  force  analysis  of  the  farm  wheel,  tn  this  paper,  the  idea  of  wheel 
efficiency  ttihc  ratio  of  potver  it  huh  was  used  for  forward  against  power  on  axle» 

Z  V 

was  conducted,  and  this  efficiency  ivas  >■»  — - ;  where  Z  is  the  horizontal 

T  V„/r 

force  for  foncard.  T  Is  torque  force  on  aJ/f.  V  is  the  foncard  rrlocily  of  vtheel,  Vn  i* 
the  circunferential  vcloyity  of  the  any  jioint  on  the  wheel  surface  and  r  is  the  radius 
of  the  wheel 

It  was  proved  that  there  were  differences  between  rolling  rvsistences  of  drawn 
wheel  Qr  and  that  of  rinvtng  wheel  Qd  theoretically, 

Qr  —  G  .  sin  cos  5.  Qd  G  •  tin  S  •  cos  (3  where  n  is  the 

gradient  of  the  soil  surface,  and  G  is  the  nsle  loads.  From  the.'e  theorie.s.  the  necessary 
torque  forces  of  wheel  axle  T  were  calculated  from  soil  reaction.  T  =  IP  •  cos  5  + 
G  •  sin  <8  in'l  •*  These  theory  Were  nil  confirmed  hy  experiment. 


Apitlicittiiiii  (if  the  si.iiirjil  ;m;ilysi.>  wtiidi  Itiis  liccn  iim-iI  Id  tlic  vcliii'In  on 
till'  road,  iiutiiiiidliilc  ur  tlio  >  '  cv  cars,  to  tlir  farm  wliccl  nf  tractor  <;i\cs  ii.s 
tile  false  results  suiiictimcs.  l-’nr.  tlu-rc  arc  many  difl'creiici-s  liclwcui  the  roiid 
and  the  farm  .soil  surface.  Soil  uinicr  »’ne  tractor  wheel  arc  Ira'.cllcd  frrcatly 
hy  the  action  of  wheel  and  the  are  aiore  severe  on  the  humid  siiil  or  laml 
surfaces.  Then  the  new  aiial_\sis  jiiiisl  he  eonsideissl  to  the  old  treatments. 
Ill  this  paper,  the  wheel  eflieieiiey  and  the  rolling:  re.'.istciices  which  were 
considered  from  the  new  siaiuipomls  were  rcporleil,  and  the  tonpie  force,  that 
is,  monu'iil  of  the  diiv.  e  axle  of  tfe  tractor  were  cahiilated  from  naetioii 
force  of  soil  to  the  wheel.  .\H  results  were  eourirmeil  liy  the  e.xpernilcals 
re))ort(sl  ill  the  last  .section  of  tliis  pajur. 

Wheel  efficiency.  —  Powei-  of  euuine  whicli  is  lianMuitli  i’.  to  tin-  driving 
wheel  axle  i.  ehaimeil  to  jiower  for  forward  hy  the  wheel.  The  tractive  enieielley 
have  hecii  n.seil  t-i  show  the  rate  of  effeelivi-  power  to  tli  -  axle  horsi'  [Kiwer, 
hut  there  Were  nothin;;  to  dc'ei  inine  the  pcrloi  in.iIU'es  ol  the  wind  which 


A;*?*!.-! ;uil  l*f 1  .lupstli. 


tile  purpo'M'  was  tlic  supiwrl  ot‘  tho  IkmIv  only  as  tlint  of  the  power  tiller, 
tlien  tlie  wlnel  eftleieiu-y  wei-c  couiliu-teil  and  were  {'■'eii  a  definition  as 
•  the  ratio  of'  ituwir  whieli  was  usi'd  for  forward  a^'iiiiist  ixtwcr  of  axle 
trasiuitted  fioiii  eitjriiie  *,  and  wlieel  eflieieiuy  >/,  may  lx-  written 

--  ZV/— V.  (1) 

r 

where  7,  ii  (he  horizntitiil  •‘imv  fur  forivnril.  T  is  lunfue  font  on  nxlr,  V  Is  the  velix-ity 
of  .vheel,  V„  is  (lie  ein  iMilrn  iilial  vclix  ity  of  any  point  on  the  wheet  snrfnit  and  r 
is  llic  Tiuliiis  ol'  tli<“  wheel,  lii  tlie  wheel  on  (he  road,  Z  has  been  Irealetl  nnpro.xinintely 
to  equal  to  T/r  and  V/\',  has  heeii  ealleil  ellieu-iny  of  forward.  On  the  fanii  wheel, 
however,  there  may  lie  iirlsed  the  false  results. 

A.s  the  ease  shown  in  fio.  I,  Z  is 

T 

Z  —  -  'SIS  S  (2) 

r 


Oa  the  humid  soil,  5  whlvh  is  railed  iiiiole  of  rriaoe  hfeoine^  eon>ii1enilily  liirpe.  The 

equal ioa  (ll  may  he  eliaii>:<(l  hy  nsin^  is|iiatioii  (2)  as  lollo'v.s 

IJ„  —  eo.-,  8  •«  —  isi.s  5  tl  — ji)  fd) 

where  o  --  V/\'„  and  p  is  .ilip  ratio  of  whtsd.  Tliis  eqiintion  .-hows  the  perfora'.anec 
of  (rneto.'  wheel  will  he  derided  hy  S  and  /i,  mu|  may  he  ini  sr*  veil  hy  deereasr*  of  them. 

Rolling  resistances.  --  l{iiltino  resist  a  nee.s  are  riaftion  forees  of  soil  to 
Ilic  wheels  wliiidi  are  foiling  iind  they  have  an  oi>po.sile  (rueetinn  to  tlip  funvnril. 
Sitalisl ieal  eqnililiiiiiiii  of  tlie  force.-  in  (io  2  are  oiven  as  follows 

Kt  eo-  8  —  Un  sin  8  tj  siu  o  S  I*  (4) 

Kt  -in  8  t"  Itn  eo.s  8  ■-  tl  ens  n  (ft) 

Itl  •  r  =  T  (0) 

In  order  to  j;i>  nluad,  the  h'lri/.oiiliil  lone.-  or  torque  forec  mast  he  worked 

to  llio  v\  heel  ii\le  and  even  if  there  arc  no  drawhai'  loads,  they  mii-t  lie  worked 

and  the-e  v.oikiin;  fori  es  are  hatann'il  with  the  roHln^  n  -i  lanres.  .Miecnitiidei  of 
them  are  ;jiteii  liy  Ka  • -in  8  in  ef|inilion  (4)  'vliirh  i.s  1’  O,  and  hiuo  ojipositc 
dtreelioii  to  the  foiwarj. 


■,’V  -N 


V' 


—  2iH  — 


TIio  nu'iis(»n‘mcnt  of  rulliii;;  tfsisIrtiK-.'j  :ir«‘  iisii;tll\  l>y  Du-UitHli 

of  Icnvlion  or  iorrtiii  »\n<li‘r  thr  MiinlitioH  tlif  wlicrl  iixlo  nii;  tree  from 

tin!  iovtuif  foiTi‘,  l>ul  tlioy  are  lUi-jisiinil  only  I  lie  |■^•-•i>tilne(■s  ot  wlicel  wliioh 
Is  drawn,  iiiori*over  tlie  frietion  of  Iw.irinjry  Jiiid  lli<'  jri'iirs  are  ciilcalated  as 
the  iMlIintr  rcslstaiu-es.  Then,  tlie  rulliiit;  |•^•sis^;)llee.s  of  the  drawn  wheel  siiid 
that  of  driviii;r  wlusd  must  In*  «*«iii.shlens|  se)nir:ilely. 


i  1  _ , 

°  ^  i 

(/ 

s 

ji> 

Jl/ 

]  Rt/ 

\ 

/ 

Y 

yfsmTn^' 

R'  Cl 

(•») 


Kic.  d  tile  e  ton*  i*f  the  whi'el  ta  and  la)  is  H't!  ilrau  ii  wheel 

ami  til)  is  tlic  ilriviii)*  wlu-el.  Ill  (lie  ni'e  tiiK  the  jnillini:  iuric  — P  and  the  axle 
lii:nl  '1  are  wurhed  to  Me  avtc,  iiiid  llu*  ri'>iilt!itit  lone  ot'  Ihelii  R'  is  hiilanecd  with 
soil  ti'i.etien  R  -•  Kn,  ami  Kii  •  mu  4  hIiiiIi  i>  llie  hori/.iiiilal  efnniaaie.il  ol  U  is 
llie  I'olltaj'  nsi.'-liiiue  of  drawn  wheel  Qr.  If  (he  loii|iie  Joree  'i  =  0,  and  elimh 
^.'radienl  a  -  O  in  tiic  tsinntioii  (  I)  .ni>l  ((») 

yr  =-  Kii  •  mii  8  --  -  1’  1") 

iiiiil  eniiatioii  (7;  nuiy  he  writleii  as  shown  iii  li;;.  d  (n) 

—  I’  —  Ru  »  >iii  5  ■  i;  •  Inn  8  (Is) 

In  till’  drivino  wheel  as  11".  d  \1ii.  the  worked  loi'eo  to  the  soil  are  finite 
dilVeiS’iit  fniiii  (a),  til'll  it  may  la-  eoiiiidei-ed  that  tin-  soil  iiioventent  tinder 
t'le  w'.ieel  will  ln’  diflVi'i'iit,  '.oo.  And  it  is  snji|)o-ail  that  this  ditlereliees  Imeonies 
hiiiier  on  the  hiiinid  soil.  T/r  in  fi".  -I  i.ht  is  llie  tail”'  iiliiil  loree  at  llie  contiict 
siirl'aee  to  the  .soil.  'I  ne  Iiorizoiilal  iiiiii|ioneiil  of  soil  reaction  Rt  is  ladaneed 
with  the  nillino  resislaiiee  of  drivinj:  wln-el  l^d.  'I’lial  is 

<jd  Itu  -  ,>jin  8  -  Rt  •  eos  5  --  (•  '•in  8  •  eos  8  (*t) 

Raelt  lolliiijr  resistances  are  difleis-iit  as  shown  in  eijoation  (i^)  and  (!*).  Iml 
they  are  l«)tli  fniii  lioll  of  the  lo:nl  to  the  a.xle  C  and  :nu;Ie  ol  deiaise  8. 

l’'loin  the  i’i|iiation  (4)  and  (ai.  iiiikliow.n  ijiiaiil  it ies  Rii  and  Kt  may  lie 
ciileiiliited  a.s 

Ut  I*  eos  8  t  ti  sin  t8  I  o)  (lil) 

Hll  •■=  —  I’  sin  8  t  (i  ISIS  ■!  n)  til) 


As  n>IIhi"  n-sistniiK'  €»f  tlt-iviiit*  whocl  is  at  tli»>  lime  when 

l»  =  O, 

Rn  •  sin  S  —  (t  •  sin  8  •  ;-«»s  (5  +  <t)  ~  Qd  (12) 

Axle  turqiie  fnrrt*  wliieti  iinisl  Im‘  tr;iiisniilte<1  fur  asrciulin^  the  slo])C’  wliieli 

hits  the  gnulieiit  aii}'le  a,  Ls  ns 

T  =  Kl  •  r  -  [1’  '  «s>s  S  +  (•  •  sin  {h  4-  <t)]  t  (13) 

III  the  eitse  of  rli'iiwii  vrh»s-l,  Rt  -  O,  tlii'n  imi  (4)  mill  ('>)  are 

—  Uti  •-•.in  S  +  I*  —  (i  •sill  (T  =  O  (14) 

Kn  •  .i.H  S  —  C.  •  l  os  n  =  O  (13) 

From  these  <s|Uiitioiis.  tlie  rolling;  resistmiee  of  liiawn  wheel  is 

Qr  —  I’  —  I!  •  sill  (S  f  fi)/<iis  S  (111) 

At  the  huriAniliil  siirfiiee.  n  —  O,  then  the  eiilliil  ion  (  12l  anil  (Hi)  ille  illile 

to  he  written  iis  siiine  as  eiiniilion  (!•)  mnl  (7)  res|ii  elisely.  It  is  iiotnl  that 
these  «*i|Uiltions  an-  all  eoinliieleil  hy  lu  j'h  el iiifj  the  inei-lia  foree  hi'eaiise  of 
slow  veliieity  of  the  v.'llis'ls. 

From  the  jixle  tiir(|i!e  force  T  t Kj;./em,V in  the  eiiuation  tHi)  the  iliaineter 
of  the  wheel  ;ixle  to  jH'i-severe  to  that  tiiri|ue  foree  may  he  oivin.  Diameter 
of  will  el  tl  (ein.t  niv 

10 -  t'  . 

.1  -  1/  (17) 

wlicii'  fd  is  iillow.ihio  tors'ioii  stri’ss  of  the-  ii\le  nniteriiils.  Kip.  4  is  the  caleii- 
latioM  ehai’t  of  the  T  ainl  «l.  K  in  lip.  4  is 

K  —  ^  eos  8  i  sill  (3  •■)  n)  (1'') 


where  f  is  the  imetiM'  ei  ;-n'ieieiit,  I’/t;.  The  miinliers  atlixeil  to  the  hroken 
line  on  tiie  eh:irt  show  the  |iroeeilnre  to  ii-ntiire.  Tin-  .iileiniiile  eross  point 
of  till"  net  foriiinl  hy  the  lilies  of  pniilieiil  of  soil  snri'iiei'  n  anil  lines  of  iinple 
of  repose  8  is  eonneeteil  with  the  point  w  hieh  sluiws  the  ti  aelive  em  llieieiil 
Ilf  traetor  wheel  at  liisl.  ami  the  iminl  of  K  line  is  pot.  The  neiessaiy  tonpie  T 
is  pot  hy  eonineiinp  with  point  of  K  ami  tiie  point  of  jn•olllU't  nnmlHr  of 
axle  loail  (I  anil  i.nliiis  of  w  In-i  1  r,  .\i  last  the  axle  ilianiitir  <1  is  shown  o’l 
the  I'l'oss  point  of  line  3  which  is  ••oinieetoil  T  ami  allowahle  torsion  stress  fd 
of  axle  materials.  The  mapnitmles  of  .mple  of  reimse  has  heen  I'lporlril  in 
many  past  pajier.t 


JM'vri'iil  wiil  wciv  srli'flcif.  Tcfiy  llii-  Fiiii'il  s»)il  iii:nl  which 

is  jiivsscil  1111(1  cuiit.'iiiK'd  chiy  iiinl  }»riiV(*I,  loiiiiiy  field  wliieh  was  usi-d  as  the 
S4 cd  bed  1)1  the  iiil/a  and  siitl  iiKiistiii'e  eiinteiits  was  ll»  per  eelif,  saiuly  inani 
paddy  field  wliieli  lias  Iveeil  liaivesled^  nioistui'e  eoliteiit  was  ID.U  per  <*ent, 
the  same  fiehl  ainl  iiiolsitire  ennleiit  was  C}S  jier  eeiil.  the  same  fiehl  which 
is  eovi'l'i'd  wafer  nliinit  1  eeittiliiefiM'  and  the  same  fiehl  which  was  plowiiii' 
and  harriiwin^  aiiil  inni.sliire  emiieiit  was  ‘2t).‘2  per  cent. 


Tread  of  Rubber  Tire 

t  ifc'.  5. 


The  elect  l  ie  thi<  e  phiise  indiietioii  iimlni'  d  lljv.  was  tiiki'ii  ill  instead 
ol’  water  eoiihsl  j«t |•^'lcltnl  engine  of  haml  trm'ti)r.  Tin'  nicelninieal  efTieieney 
of  motor  and  tractor  were  ealciilatcd  pii‘\ionsly  and  the  ilrixinjj  horse  iiower 
of  win  el  asle  was  cah  olat'  il  hy  dial  erticieiiey  and  in  put  of  the  motor  inensnri'd 
1i\  eh-etl  ie  powi-r  loi-li  r.  Drawbar  ri  sislanics  weri'  f:iveii  hy  pilHiii”  tlie  sled 
loa'liim  eoiierete  lihs’k.  The  rolling  r<-sislanees  of  drawn  whei'l  were  measnivd 
hy  tiietive  method  which  tlie  lest  wheel  were  draw  ii  hv  the  other  tractor  and 
the  drawing  \i'lo.-iiy  were  0.0  0.7  meter  per  second. 

Performance  curves  of  tractor  driving  wheel.  —  I’ig.  li  is  the  one  example 
of  the  test  results.  The  relations  of  the  drawin;'  force  which  is  tan^eiiliid  lo 

T 

the  wheel  suniface  T/r,  forward  force  /.  —  - •  cos  8.  eovftieieiil  ol  furwj.i'd 

force  //<!,  drawbar  i>iill  1',  eoi'ftieieiit  of  drawbar  pull  I’/D,  and  toi'ipie  force 
worked  on  the  axh-  T  lo  the  wheel  asle  horse  ])ower  well'  str.iijrht  iiin',  for 
the  eirennferenti.il  ^4■!ol•ity  of  tractor  wheel  surface  has  been  eonsfaiit,  and 
the  relation  hetwnn  ciieh  forces  were  .same,  too.  Koiward  force  '/,  at  the  time 
when  1*  ()  is  the  rollinn  l■esis^;lln■e  of  driving  wlu'el  (Jd  and  the  liorso 

power  tioeessary  for  this  forwaril  are  eiveii  at  die  left  end  of  ahsei.s.s:i.  Mjixianiin 
drawbar  jiiill  iiiiil  tlii-  hoi'se  jiowvr  .it  that  time  are  shown  in  the  liulit  end. 


—  sea¬ 


horse  power  on  axle. 


Kit;.  6.  --  fiiriiimn’C  runi\ 


T<)ri|ii<’  I'oivi's  111'  tlio  :inI(“  from  tlir  molor  in  piit  viav  <iuito  ii!»rcoil 

willi  tin*  Viiliii's  (Mli'iil;itcil  by  (lie  (-(lualion  (1'5)  iowl  forwtird  force  V,  ■was 
cviili'iilly  sli.iwn  its  tin-  >11111  of  lulliiit;  nsist.-inrc  t^il  ainl  <!r;i\\bar  piiH  I’. 

Till'  lurvi's  of  Iracliw  j'flirii'iii'y  ;mil  whrt'l  cflirifiii'y  .x'luiriilc  tlu-  iirca 
to  llivri'  pitrls  iiiiil  ii|i|)fr  )i;U't  of  llicin  sliotvs  the  riilr  of  Inst  horse  ]>owor 
lino  to  till’  slii>iiiip'  ;iiiil  siiihhin  of  wlivcl,  llio  loiihllr  |*;irt  .sliows  the  nito 
of  !ii>rsc  iiowi  T  sjU'inlcil  by  tlic  rolling  rrsistiiiiri’s  iiinl  lower  |i;'rl  .shows  the 
rote  of  ilr.iwh.il  li.iise  powor  in  ;ixle  horse  power.  'I'liis  elmrl  whieli  shows 
the  iill  peiforiii.'iiiees  of  wheel  max  be  ealle<I  the  perforriatict.*  eiirxe  of 
t  met  or  wheel. 


Kii;.  r.  —  Itilnlioii  uf  5  6'- 


Rolling:  resistance  and  angle  of  repose-  —  It  los  luvn  niontionod  tliat 
tlu'iT  wi'iT  dcfrrtiit-i-.s  In-twcrn  tlic  ndliii':  i-fsisiaiua's  nT  di'ivinii:  wln'cl  and 
thill  Ilf  ili'iiwn  wln-rl.  !mt  iIutc  'vcro  imt  diUVrcin-i's  pat  runiliirly.  It  is  snpjuisi' 
thiit  tluM'i*  \vfiv  init  siii-h  soil  d•■fl)rlll:ltill||s  la  r:uisc  thr  dittVi-ciu-i's. 

Till’ll,  fiMin  till’  nliUiini  Qr  -  1;  •  l:iii  S'  and  Qd  “  C  •  sin  S  •  ms  S,  it 
is  ri-siilli’d  that  tail  S'  ■-  sin  5  •  ms  5.  The  ri-snil.s  uhtaiind  rrniii  llu’  ti-sls 
iiir  Midi  cinitonti’il  this  n-latioii  as  fi*;.  7. 

Toiijiic  fdivi*  111'  wlii'ol  axil’  \u’ro  widl  a}:i'i'cd  witii  tin-  l•ah•ulillioll  Viiliii' 
hy  till'  vijiijilinii  ( Idi.  tim.  .as  fijr.  8. 

Till’  other  iii:iny  lesntts  avoiv  ohtaiiii'd  hy  this  tests,  Init  lliey  did  nut 


give  tin*  siiggcsliun  tn  (liis  i)l)jopt.  Tlu-n,  (hry  wore  simply 

showed  on  tlin  tiddo  *2.  Tim  suffixed  ninnlH  i.s  on  the  slei  l  tiro  on  tnblo  2  slirfW.K 
the  fixtsl  angle  of  the  ])late  lug  to  the  wlioel  riin  ns  fig.  5. 
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n  i  s  c  r  s  s  /  o  n 

T.  L.  UFFELMANN.  —  Frol.  Tiiiiiik;i  Im.s  ohtiiiiioil  foniiuliu*  of  rolliinj  rpsistnace 
of  iniil  ilrivcii  wlicols  on  soil  •rroiiiul  witlioiit  iiiiy  n'fcn'iici*  to  sui!  constant 

l)ilt  ill  t(‘i'iiis  (if  ii\lc  loiiil  (fi)  mill  nil  aii.t;lc  (S)  ilrsi  riliin;;  thu  ilii'ri-tiuit  of  the 
I'i'Siilliiiit  niiliiil  iiiiil  liiiii.;culiiil  funo.'i. 

The  ns.-<iiiii|il inn  of  ;i  cuninioii  :in;;l<‘  S  fur  hotli  thi'sc  fori'cs  liiritly  iissiinios 
n  hnliiiicoil  (nr  unifoini)  dislrilnitioii  of  rnilinl  mnl  Iniiocnliiil  sircsst's  on  llic  nr« 
of  itiiilinf  of  llu*  ivliivl  r'ni  willi  llic  soil,  rinlnr  llioso  i-onililioiis  2  5  woiiM  liu  tlie 
iiiiolo  of  .siiikin;i‘  mill  llie  lln'ory  wonlil  In-  :i)>|iioxini:iti'1y  loi'i'i'i’t  for  Q  non  friiitioiiAl 
soil  mill  liioli  >lip  Viilurs  (si-o  i>ii|UT  7).  For  mi  inilialmn'cil  ilistliLiitinli  of  shps.sos 
two  >r|>iii'iilr  iinoh's  (sny  5n  mnl  Sr)  wuiilil  he  iei|nii'eil  In  ihssciihe  Ihc  ilirretinii 
of  the  niili;il  mnl  tmioeiil i:il  leMillmits  iiiiil  I’nif.  Tmnikii'.s  I'UMi'Insiuiii;  wiinlil  no 
loiioer  he  viiliil.  'I'lie  si'lf  ilririii;;  whi'el  on  n  lion  frictioniil  soil  wonhl  he  such 
nil  iiisliiiii'e  when  luiiiiino  nl  low  slip  \ aloes,  (see  paper  7).  Non  iiiiiforni  ilistrihntion 
also  oreiirs  on  .'iniil  (see  paper  -IC). 

It  i.s  iiileresi me  to  note  tliill  for  the  laeit  assuiiipl ions  iniiile  the  rollin" 
resislnnee  of  ihe  -elf  ilijveo  wheel  is  (eos-  S)  (the  towinl  rolling  rrsisliince).  For 
all  iiriielieiil  purposes  this  diirerenee  i.s  not  larp>  ainoiint ini'  to  onlv  2%  for  S  =  ll>“. 
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ABSTRACT.  -  The  tiandhny  characteristics  of  a  four  wheeled  vehicle  equipped 
with  pneumatic  tires  is  discussed  quantUntively.  The  vehicle  is  treated  as  a  dynamic 
system  with  fi  degrees  of  freedom.  The  uiathematieal  model  of  the  vehicle  consists  of 
a  sprung  mas.s  '.(inneeted  with  the  wheels  hy  means  of  springs  and  dash  pots.  This 
mathematicnl  model  includes  propulsion  of  the  vehicle  hy  mean.s  of  an  engine,  rn'ious 
types  of  sitspensions  and  drives  (front,  rear  and  four  wheel  drivel. 

Particular  empha.'.is  is  placed  on  the  non-lincar  characteristics  of  the  pneumatic 
tire.  .4  precise  definition  of  steering  stnhility  i.<  <fi(  ^n,  ns  is  n  definition  of  ubreak  nways. 
and  the  method  of  applying  these  de/iiiitions  is  iiiJieateJ.  The  methods  arc  applicable 
to  either  on-the-road  or  ofl-the-road  rehUles.  the  difference  being  solely  in  the  nature 
of  the  Cire-grnuiid  relationships. 


Introduction 

Vi'hicU'  liMiiiHiii;'  is  mil'  of  tin'  most  conipli'x  iilii'iioiiiciin  in  tin'  fu’ld  vif 
vilii<lo  <lyuii!iiics.  In  iiniiliMii  aiitnnuiliiKs,  for  inslaii<-c,  low  j'lossiuv  liirs,  soil 
s'lsiiiMi.sioii  .sprinyiiiu  ainl  huri/ontal  sii^priisinn  anil  .sli-i-rin^  ooinpliiiinc  liavc 
adiU  il  to  tln'  prolti.  nis  (it  till-  I  imiiiii-r  rv.-'piinsil)li‘  lor  vrliii-lr  liainlliiio.  To 
(irvrlop  satisiactoiy  liaitillini;  qnalitii-:;,  roiisiili  raliic  i-xpi-iimi-ntiitiun  is  lU’i'r.-Nst'ry 
in  ubtainiii;:  tin-  opliiimni  ionipioinis<>  !«-|wi-<-n  liainliin;'  and  ntluT  sus]H‘ns'u)n 
iriiuiii'inciits. 

Tlu'  snsprnsinn  <  ii^'inrrr,  thron,i;li  his  cxpri  icin'O,  has  lirconu'  t’amiliar  with 
tin*  iptaliliitivo  rlVi-i-t  of  tlir  many  j>at anirl»-rs  vvliirh  inllin-iu-r  liaiullin;;,  and 
is  ahlr  to  ajiply  lii>  kiiowh-doo  ipialilalivcly  in  (irdrr  to  arliirvr  a  dosiialilc 
ivsjioiisc  in  the  vrliii-lf.  llowfvrr,  In-ransc  tif  |1io  coniplrx  inU  iTi'latiunship 
hi'twi’Mi  till-  iiarainrtors  involvod.  it  is  lo^jirnl  to  sirk  a  nioro  rflirli'iit  nirtliod 
of  acroinpl  isliino  tin's  ii  snlts.  A  ipiantilalivo  analysis  of  the  ji.ii  aim-tiTs  wonKl 
pi-rinit  a  inoic  iliici-t  approai-li  toward  tlio  acliioAoiin-nt  of  ;in  optininni  ivla- 
lioiisiiip  brtwri'H  tlu-si'  fai  tors  and  oonid  tlnfrby  rv'dilrc  tbo  inaiipowrr,  inatorial 
and  tilin'  ri'i|uirid  to  t.-biain  salisfai-loi-y  baiidlin;'. 

Snell  a  mi'tbod  of  iiiiaiilitativc  analysis  of  tin-  irlatioi’.sbip  brtwri'n  liandl- 
inj'  liaramrti-i'S  and  tin-  variablrs  of  motion  lias  br.-n  di'-:iiod  by  veiru-lo 

*)  Fnnl  Mntt*r  ('•mipruiy.  Pfarhoni,  MiolncJ'n,  I’.S.A, 
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oii^iiuvrs  for  ninny  y«-;irs.  In  lh>'  nnlonioliil*'  tor  iiistiuiro,  ninny  tlicorios 

liHvo  Iki'Ii  iK‘vol«i|x’tl  r\"lalin;'  fnctors.  I  iilil  iTci'iit  years,  tlieir  jiraelicnl 

:i|ipii<-:itt<.iii  has  iHvn  lutiulieii|>|i<'<i  l>y  'Ix'  Ini'k  of  eleetvonic  coinputors  to  solve 
till*  etiiiiplex  siinultaiu'uus  isjnaihilis  vvliieli  are  ii>ua!ly  involveil  aiul  it  lias  lieeii 
JUM-es-sjiry  to  make  use  of  many  simiiliryinfj:  assiiriiptions  whieh  limit  the  practieal 
utility  of  tin'  analysis.  To  one  k(io>vle<l<:(‘,  lln  se  tin-oeii's  ai'i*  all  related  to  ii  four- 
whreleil  vehiele  willi  pneiiinnlie  lil*‘s,  uperat iiij  •■ii  a  hard  siirtaee;  none  of  them 
•liseiisseil  the  iKdiavhir  of  a  iilliele  eorliel'inii  <*11  a  <h'l oriaahle  siirtaei’  or 
eonsid»-rs  the  non-linear  eharaelerist ies  ot  tin-  lire. 

The  theory  pis'snoiUsl  in  llil»  paper  eoiist  itiitfs  a  more  ri;:iiriiiis  analysis  of 
a  v.  liiele  than  has  hitherto  Iks  ((  (reated  eoiisid.-rtni'  ail  important  desifin  para- 
nteler.s  xvitli  partienlar  emjihasisi  on  the  iion-lim  ar  ehai-aeterist  ie  ot  the  iiiieil- 
inatie  tire.  The  theory  pri'Vioiisiy  developed  hy  one  ot  the  authors’  is  utilized 
to  desi'i'ive  the  fois*es  when  tin'  pneumatie  till-  is  rollin'^  on  a  hard  surface. 

Altlu);i‘;h  the  esiuations  d<■s^'(•ihin^'  the  relationship  hetween  the  tire  and 
the  ground  surface  tire  diis-etl.v  upplieahle  only  to  ti  hard  surlace,  tlie  lateral 
characteristie-s  of  a  tire  uperatintr  on  delormalde  soil  are  also  discussed  in  a 
;jeuer;il  way.  This  paper  iinlieides  that  handling  eharaeteristies  are  adverscl.v 
alYeeteel  to  a  major  e.stent  hy  ilje  del'oriuahiliiy  of  tlie  .soil,  in  off  the  road 
loeoiiiotion.  Tlieivfoit*,  it  is  iinjiortanl  that  Inrlher  studies  of  tlie  hnttdlin(; 
ehaiaeteristies  of  a  \ehicle  in  off  llx'  t»;>d  operation  lie  eondiieled. 

The  (■.'luations  of  motion  are  opi'lieahle  to  vehii  les  willi  Iront  or  letir  wheel 
tirive  or  four  wluei  tlrive  and  loivin-;  various  susjiension  eoiifioiiratiotis. 

The  taalhetaatieal  m.Mlel  of  tin-  vehiele  in  this  theory  eotisists  of  ft 

spriuio  niass  niaiieeted  with  the  wlieels  h,\’  means  ot  spiniios  tind  ilasli  ]U)ts. 
The  vehiele  is  ireatisl  as  a  dx  imtate  systi  ni  willi  six  di  orees  of  freedom.  The 
noiidiiu-.tr  ilVeels  of  eiiaii^e  of  wheel  loads,  lr;i<-tion,  eainlu-r  timl  slip  aiigh-s 
on  lateral  tiro  fon-e.s  are  diseiissJ  tl.  Veliii  le  ilt  si-aii  pai  .niielers  alTi-etino  the.se 
faetors  are  iiusn  poratetl  iii  the  eijinilioiis  ot  tr->lion. 

i-’i'iini  tlieso  eijuations  x-aii  he  derived  the  undei-stei-r  or  oxer.steer  eliarae- 
teiisties  of  the  vehiele,  as  xvell  as  other  t  x  pes  (>f  stahilit.x’. 

A  ne'iV  of  vehicle  niotioa 

In  ordx'i'  to  (•st.'ihlish  a  x-riierloii  ot  slaldlitx  ot  (-oiitetd  of  tht-  slet'iitip[  of  .i 
vehiele.  it  is  iieeessary  to  :a-|  u|'  *'  mat heinat ie:d  model  xvliieh  xvill  eiiihitdv  the 
iiiipiirtalil  dyiianre  d  ••h.iraef«-risl j'S ‘.it  llie  ear  itsi  lt  ami  whieli  will  hax'O  aelinn 
on  it  all  of  th.c  impoilaiit  eslermdly  impie--.d  funes  tliat  actually  exist. 

Tim  iiioihd  xx’e  Iiaxe  eluist-ii  that  ol  a  sprunic  mass  motiuled  tti  tlu*  xxlieels 
hy  means  of  sj!rin;;s  ami  ‘l.ish  [."is,  'file  luolion  <>1  the  spriinf;  mass  iilatixo  to 
wheel.s  xvill  he  coiiijiletely  speeil-r'i  h.x"  the  dell,  i-i  a-iis  ot  the  spriin.'s.  fluse  xvill 
la'  found  from  the  Z,,  i  --  I.  J,  -h  4  ami  xvill  hv  etinslden-d  Miiall  qu.iiitilies. 

The  Z,  are  llu'  veiti,-;;!  ths'anees  from  th  -  eenters  of  the  wluels  to  tlie 
points  of  altaehaii  nJ  of  ‘he  s;>i  !.inK  tnass  lespi  i  tively. 


Tht‘  wImtIh,  wliif'h  ivwy  !>*'  stwivii,  rajulx'i',  iof-iu,  I'tc.  vvill  Iw*  thuiight 
of  iis  Ih'IIi;;  allaclu'il  to  a  ifal  ur  iina^iiicil  fr.'illli'. 

Thf  fi'iil4'r  of  tli<‘  ri^lit  fear  wla-t-l  will  Ix'  laUi'ii  lit  )i  |>i)iiit  of  roforoiicc  iiiul 
a  «iK»nUnat»‘  sysloiu  inovin"  wiiU  tin-  rijiul  fraiiio  ttlll  Ih'  s<'t  tip  tlu’oiitjh  tlic 
fonlor  of  llio  whcol,  sec  fijj.  1. 

Ill  tin'  lii'st  analysis^  the  whools  will  lie  coiisiilrt'cil  wt‘i;ilitli‘ss.  Thus  tlu'ir 
nioiui'iita  aiiil  iiuuuonls  of  nHuiii  iiliiiti  will  lii>  »ll•j'll■l■ll'll,  This  has  llic  cfFoet  of 
making  the  ooiitiT  of  mass  of  tlic  i-Mtiis"  vehicle  e«itiiehli'  with  that  of  flu*  sjuttug 
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mass.  As  will  lie  shov.ii  heloxs  this  i,  no)  •;  iiail  a]i|u usiinat iuii  anil  it  at  a  l.il<r 
slafie  it  is  ih'sired  to  consider  the  mass  \  I  ll’.e  wheels  ainl  llieir  loseojiie  elli'cls 
*m  the  steering!,  the  results  olilained  fioni  the  tiisl  a|i|ii'oxiination  ean  be  u.sed 
as  a  basis  for  suh  iie.:  the  more  ”ener;  I  probleiu. 

Ill  a<lditioii  to  the  coordinate  .system  fixe*!  in  tiie  Irinne  treal  oi  iinat;inai>) 
to  wliieli  the  uliei’ls  .-.le  attached  am’.  <lesi'_:nate<l  by  K',  ^  ;  two  other  coor- 

ilinate  systems  are  nsei.’.i.  One  of  (he.-.e  will  he  iixiil  In  the  sprniif;  mass  and 
will  Ih*  desio,(;iicil  h\'  X”.  ^ VJ* .  In  tin*  n'Oinal  resl  jiosition  ot  llu*  \ehiele  the 
ori^rin  of  tin*  dmible-juime  sysletn  will  he  directly  nmlei'  that  ol  the  sinple-primc 
.system  and  tin*  ii.Xis  will  he  lespeel i\ el\'  parallel,  the  //  and  axes  eoineiding. 

The  third  system  is  a  set  of  lixe.l  axes  on  the  <arth  eoiist itut iii^r  our 
i)u  rtiiit  W  e  sliall  \^■|■^le  i>ur  expiations  oi  niolhill  lespoet  to  these 

last  :i.\e.s  anil  then  Iransi'orm  them  over  to  tl'.e  looii'  eonvenient  systeiii,  the 
in  imeil  eourdiliiiles.  for  ealeulal  ional  |inr|>oses.  By  elioosin,''  to  desm  ihe  tlie 
motion  of  the  .s|irnn^:  mass  relative  to  the  frame  In  liieiins  ot  tlie  s|iiiiiit  detlec- 
litins  ix-laleil  to  Zi,  we  h.ive  eliminat'-d  all  of  the  niiihiLinil  les  attendent  upon 
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reslllls  ill  lines'  l('rms,  they  eiiii  l•;l^ily  lie  liii'.rn'T  ilie  '"s. 

Ill  Oiieli  system  of  iixes,  the  Unit  veetiiiw  will  1h-  <l(si"ll;iteil  Iiy  i,  jmcl  k 

ivsiU'elively.  tin'  uii|iritiii'il  veelms  iH'loiioiii;:  to  tlie  iiieetiiil  fiiime  ;iuil  the  others 
;is  sjieeifieil  nlxive. 


Review  of  existing^  theories 

lliilief-  w;is  the  (irsi  to  reeojjnize  limt  non  liiusii-ily  iM-tweeii  Iiilor;iI  tin* 
foree  iiiitl  wheel  io;i<l  is  one  of  the  most  iiiiiiorliint  fiielors  in  ileteriniiiiiio 
Vehicle  sinhility. 

Kieki  It  .Mill  Sehnilk  ’  ileVi-lo|ii  i!  ;i  i-hissie  lllmiy  of  Vehicle  Iriolioli,  in  which 
they  eiiiphueil  lliiher's  fiiiilintis  i.  ^iiciliii"  lir“  ch;ii;ielerisl ii-s.  In  their  ninilysi!’, 
they  eoll.shieri  il  not  ..iily  lire  forces  .iml  inert  in  forces,  hut  nlso  neiM(l.vn;iiiiic 
forces.  Kijihility  eoinlitions  wen-  .•sinhlishiil  from  iheii-  annlysi.s. 

.Mils«-hkc  ‘  exp.iniled  an  aiial.vsis  of  vehicle  inolioii  previously  ilevelopeil  l»y 
Uiekeit  ami  Seliiink  to  itescrihe  a  four  wlicelctl  anioiiiohili'  with  froiil,  ivtir  or 
four  wheel  steel  itlj;. 

\V.  Kainiu  ■'  in  his  thesis  ou  ilirtrlional  slahilily  proviileil  an  aualysi.s  of 
static  aiul  ilyuiiinic  slahility  with  jtarl iciilar  emphasis  ou  the  cflVet  of  siilv 
wiinls  oil  vehicle  stchility. 

Kauitn's  theory  was  exleiiihd  h.\’  llehelciii  ainl  Srhiirk',  who  eoiifii'nieil 
the  stahility  reintin  ineul.s  previously  formul.iled  hy  Kaiiim  :  namely,  apply  uioiv 
load  at  till'  trout  axle  an  I  locale  the  center  (d’  pressure  hchiinl  the  t.’.  tl.  hy 
iisinc  liix- 

S(diilliiio  '  nnnie  a  elassie  analysis  of  an  aniomohile  hy  Ireatintr  tlie 
vehicle  as  a  linear  dynamie  sysieia  with  three  decrees  of  frcedimi.  He  Jilso 
eonsideied  foil  of  the  ear  lunly.  Sidi illine's  theory  ivas  further  exti'iided  h.v 
Senel who  incorporated  more  design  parameters  in  the  eipialions  of  niotiun 
and  inlroihiecd  tlie  eoneept  of  stalie  stability  marein  as  ti  eriterimi  of  vehicle 
stahility. 

II.  Kohl  ''  eiiiplo.ved  Seoel’s  eipiatiuiis  of  motion  for  an  extensive  stud.' 
of  vi'hivde  motion  which  was  .simnlated  on  analog;  and  digital  eompntei-s. 

(lulainl  and  .lindra in  theii-  Ireatineiit  of  the  motion  of  an  .intomohilc 
inirodiieed  tho  effect  of  dynamic  wheel  loails  on  lateral  tire  forei>s,  emploviii!^ 
empirical  npiations  <leveloped  It.v  Smiley  and  Horne’*. 

I’aslay  and  Sliliar''  nnide  a  si,onifieaid  eont riluil ion  to  the  theoretical 
anal.vsis  of  vehicle  d.viiamics  h.v  di'seril>iii>;  the  motion  of  a  four  wheeled  auto- 
inobiie  as  a  d.vn;imie  sysimn  with  six  decrees  of  freedom.  In  their  anal.vsis, 
the  authors'  considered  inertia  forces  and  all  lire  forces  iiieludiiie  traction  oil 
each  iiulividital  wheel. 

Hiike  "  emplo.ved  in  his  analysis  a  more  rca.lislic  model  of  an  aniomohile 
than  dill  his  jircdcccssors.  Me  eoiisidered  various  types  of  snspeiisions  and  tho 
elTect  of  .sitsjiensioii  pnidanee  uii  wheel  rale,  l  iilike  other  aiilhoi's.  he  tisetl  tho 
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itfviition  t(H-lwii(ino  in  liis  cjilculnticms  nnd  utilizwl  tii-c  curves  instead  of 
etjunlions. 

'*  shnwod  liow  stiiMlily  of  the  vcliiele  injprovi'S  with  an 
ineri'iisi'  in  tlie  natniiil  rn'<|uency  of  the  st«s'riiig  system,  lie  advociited  the 
use  of  jiusilive  easier  to  inipi-ove  vehicle  .stiihility. 

Fiala  omphiisiwtl  tlie  iiiit><>rt  inci*  of  Ih-xiliility  of  the  stivriiiK  .\j-stem 
aiul  hody  roll  on  veliidc  stiihility.  fu  delerniiiiiiiK  dclleclions  of  the  whet'ls  duo 
to  flexibility  of  the  system  he  eoiisidered  not  only  easier  Lut  also  aligning 
loniue  and  iircci^sion  turt|tie. 

AV.  Znk  si'.ulii'd  tlu'  motion  of  an  anloinoliile  with  all  four  wheels  blocked 
on  n  roail  having  iioiMniifonu  friction  jiroiierties,  on  a  transverse  slope  nnd 
in  a  flat  curve. 

lladt  and  MlHihcn  "  considered  the  clfcct  of  traction  ami  braking  forres  on 
lateral  tire  foiccs  in  tluir  i'i|iiatioii  of  motion.  This  allowed  lliciu  to  study  tho 
motion  cf  the  vebiclc  ni>  to  tlic  comlitioii  of  skidding. 

In  contrast  with  imc\  ious  autbors,  who  confined  tbeir  stndie.s  to  tlio 
In'liuvior  of  a  \cbiclc  on  a  paved  sni  facc,  Uckkee  in  bis  niomiim  ntal  work, 
jircsciitcd  a  coiiiin'cliciisiv c  theory  of  land  locoiimliim,  which  particularly  emtdia- 
si/.e(l  oll-tlu'-roa<l  loci.iimtion.  In  his  Iniok,  this  author  discus-s's  and  analyzes 
the  nu'chaiiics  of  various  types  of  vehicles;  the  mechanics  of  a  wheel;  soil  and 
snow  nieelianies  and  many  other  related  idieiioinena. 


Kinematical  analysis 

Let  f„i  designati'  the  vector  from  the  origin  of  the  inertial  frame  to  the 
center  of  the,  right  rear  wheel,  point  1,  whieh  is  the  referenee  point  for  the 
]irimeil  system  of  axes. 

The  veliK-ity  of  point  1,  v,  is  given  by 

V,  -  f,,  (1) 

tlie  dot  indieating  i  ilTereiitiatiun  with  respeet  to  time. 

The  iiiiRiilar  velueity  of  the  sprung  mass  w,.  is  given  by 

d  Z,  —  7,,  -  ll  Zj - 7,  _  _ 

.It  ,  J  ,U  L  t  J  ,U 


the  .piaiitilies  /,,,  and  being  eoiisideivd  small.  Tbu.s, 


is  the  roll  angle,  and 


7,  —  7,  7j  —  7, 


7,-7,  7.  —7, 


is  the  pitch  angle. 


‘J 


J 


__  2S0  — 


Ktiuntiuii^  ‘.I  add  4,  wUtcli  uiv  consistent,  imply  tixat 

*4  =  r,  +  (5) 

u  relatiunship  wliieli  exists  by  viitiio  of  the  faet  that  the  sjn  iiii}'  inass  is  rigid 
jind  its  lower  snlc  may  Iw  eonsnleix**!  Ut  runstitiite  n  plane.  ' 

It  sliould  Ik*  noted  that  by  assutnitig  the  motion  of  tin-  I'unr  i)oiiit.s  of 
siis|wnsion  of  the  uiispenng  mass  to  lx‘  vertu-al,  wc  have  assumed  yaw  relative 
to  tlic  motion  of  the  wheel  fr:iiiie  to  W  nniin|>ortant.  The  rotation  of  tlic  car 
alH)<il  the  Z  axis  is 

Knuation  ('2)  ean  be  written 

to,  —  Hi"  +  If.  j  +  ijiV.  (()) 

bet  us  designate  the  eetiter  of  gravity  of  the  sin-iuig  mass  by  e.  Then  tl>e 
dislaiiee  from  the  tirigiii  of  the  inertial  frame  to  point  e  eNi)ressed  veelorially  is 

f„c  =  r«i  ^  P  1“) 

Note  tliat  k  —  k'  since  point  t  moves  »nly  in  a  vertical  direction.  The 

vector  p  is  llie  vector  from  jioinl,  .*>,  tin  <iiigin  of  the  eooidiiiate  system  fixed 

in  tin'  sprung  mass  to  tl\e  eetitrohl  of  the  sprung  mass.  It  may  be  expressed 
as  follows 

p  -  nT"  +  l.j"  +  ek"  (S) 

wheri'  a,  b  and  e  are  the  coordinates  of  the  eenlmid  measured  from  paint  5  in 
the  doiible  prime  eoordin.tte  direct  ions. 

We  <an  now  difl ereiitiate  <<|vi:iii<m  \“)  with  respect  to  time  to  obtain 

for  f„i  h  r.ik  +  (0.  p  +  p,  (0) 

where  p,  is  the  vector  from  the  eeiitr,)i<l  of  the  s]>rniig  mass  to  the  centroid 
of  the  total  mass  and 

for  ■=  f.,i  H  7-1  k  f  o).  X  td),  X  p)  +  10,  X  p  t  p,  +  2(7),  Xp,  (10) 

The  l.'isi  term  is  called  the  (’oriolis  aeceKralion.  If  \ve  a.ss\ime  that  the 
centroid  of  the  entire  sy.steiii  ami  the  centroid  of  tlu'  sprang  m.tss  eoinriih',  we 
may  droi)  the  last  two  terms  in  ei|n.ition  (lO.i  a;ul  tlu'  last  two  in  eipiaiiun  (!1) 
since  p  is  fixed  in  inagnilnde^  p,  and  p,  will  ImtU  be  zero.  Kipiations  (fi)  and  (10) 
then  become 

fuc  f.,,  )  r,  k  -t  to,  X  p  (11) 


for  -  r„,  ^  k  -I  (o,  X  (d).  X  p)  +  0).  X  p 


•  -  •  •  •*#  ’  Wr  ^*^**«.*'* 
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If  X|  and  y,  mt-  the  ♦niordinatt-s  of  the  triili  r  i.'f  IIm'.  irar  wheel 

ill  the  inertial  frilllie  of  refeivinv,  it  may  easily  l)e  sliuwn  tliat 

f,,  -c  V  4-  y,sin^)  +  J  (— x,  sin  +  y,  cos  (13) 

W.  X  Uo,  X  p)  -  —  i'll  —  j'  I)  \ii-  (14) 

and 

U),  X  ^  (cif  — l»^)  •)  y  (a^  -  -  el-))  I  k' (111-)  --  iii>-)  (15) 

Ill  uhtaiiiiii^  llie  alsive,  small  i|uantilies  of  llie  secoinl  older  and  liiclu'r 
liave  Ik-i'ii  ne"lei-te«l,  Tlses*-  n-Iationsliips  are  useful  since  the  eriiiations  of  motion 
aiT'  written  witli  ri-sii<i-t  to  the  iiu-nial  fiame  of  refeiem-c  hut  the  luiiuod 
frame  is  the  most  eonn-iiieiit  to  woik  with. 


Dynamical  analysis 

Let  us  i-ideulale  llu-  iiu-rlia  teusor  for  the  s|>iu)i):  u)ass  will)  i-es))eel  to  axes 
])as.siu)'  (hiou<:li  its  eeutn)id  parallel  to  the  duiihle-pi  iiiie  system.  Since  there 
is  a  pliiiie  of  symiiielry.  two  of  the  prinluels  of  iiierlia  va)iisli  and  t!)e  tensor 
ri-diiees  to 

I.  0-1.. 

1  O  1,  0  (10) 

-I,.  o  1. 

where 

I,  is  tlie  iiiiHiieiil  ol  iiiirtiii  iilsmi  llie  X.", 

I,  is  llio  iiiiiiiieiit  of  im-rtia  ahoiit  the  Y/', 

1,  is  llie  iDi'liienl  i-i  .iii-rtiii  :iImh;|  llio  Z,", 

I,,  is  llie  pri'ilmt  iiurtia  alioiil  X."  Z,.". 


The  euiupoiiiMits  of  ai-oidar  moau-iitiu))  about  ll)ese  se.iue  axes  are  itiviu  by 
11.-  -  — I,,.".-;  ^  I,",-;  li,-  -  —  i.xi"',-  +  I.-.-  (1") 


=  i,(<f  — «;'3)  iis) 


wbieii  reduee  lo 


The  eouipdiit'ijts  itf  time  i-:ite  of  ehiiiige  lire 


11,.  --  i,<e  — <r^  — —  1,,(^ 

c 

II,-  "=  >,  (T-wii-tH)  (19) 

H.-  -  —  I;..(W  — — +  1,4^ 

C 

The  >;eiier;il  eiiiiiiliims  for  the  motion  of  a  ri.uiil  hoily  tell  ns  that  for  axes 
fixisl  in  tile  eeiiter  of  mass  of  a  hody  sum  of  llie  inonieiits  of  the  fori-es  about 
tlio  i»oint  e  Ik'ooiiios; 

=  (11.  -  ....  II,  +  o.,  II.)  r  ^  (I'l,  -  ...Jl.  +  <■..  iijr 

+  (H.  -  -..It.  ^  u..ll,)t^"  (20) 

where  llie  Mihscrijils  on  (he  It's  and  m's  iinlicatp  tlie  tixeil  axes  thiounli  the 
eeiitiiiid  of  the  -spniiitr  mass.  These  eiinations  heeome,  wlnii  traiisfoiiiu'd  to 
the  priined  a.xes 

I,  -  (i.«  +  (|,;i  _  l..H)k'  (21) 

if  terms  of  a  hifilo  r  oiih  r  of  ma;;nitn.le  in  smallness  are  ilropped. 

>;.(nations  (21)  eonstitnte  three  of  the  (lynamieal  ei)natioiis  of  nioliuii. 

F  =  MF..  (22) 

Tile  (inaiitily  fr  has  alreaily  iK-eii  i-alenlateil  in  ei|iialioii  (II)  ai.d  the  eoin- 
lumenls  of  aeeeleration  of  the  .-enter  of  mass  may  be  jiut  into  tlic  following 
uss'ful  form  in  the  iirime-eoordiiiate  system. 

Fc  "  i'(.\,eosiJ  +  y,  sin  — ■  i\  lii- 
4-  j' ( — X,  sill  +  .V,  eos  ^  —  1)^1- 

+  k'  (7!,  I-  I)  O  —  a  y) 

Onr  system  of  eiinations  thus  eoiisisls  of  three  from  eiination  1'21)  and 
three  form  equation:;  (2;))  in  the  si.x  unkr.owns  /,i,  7..,,  x.,  yi,  and  >1/  since 

I-'  ■  nd  f  ma.>  he  exprf:e;ed  in  terms  of  7i,  7,;,  and 

I’or  purposes  of  determining  tlie  signs  of  fmees  and  moments,  w.-  lurre 
d'silt  i ;.e'iii.->ively  witli  right  liaiided  systems  (.if  eoordinates. 
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If  wo  (losij;n:ito  hy  Pi  tlio  systoin  tif  foroos  noting  on  tl»c  i  —  th  wheel 
fi  =  1,  2,  2,  4),  liy  rm  the  vector  niiiniiig  from  tlic  center  of  gravity  to 

tl»e  i  —  til  piiiiit  of  ii|iplioatioii  of  Pi  \vc  liavo  ((5  iuul  c  are  pivsiiiiioil  to  coincide). 


(24) 


where  K  will  Iw  oonsidoivd  tlie  acnulx  tianiio  forces  and  iVij;  a  ainilar  iiosilioii 
lector  for  the  aero<l\  iiamie  forces  M,  arc  llie  tire  aligning  toripics  ai  i-th  wheel. 

Tlie  iiulii'aliil  Vector  priKlnets  are  to  lie  eariicil  out  antoinatically  in 
accordance  with  lire  rule  illustrated  l>y  the  following 


for 


X  F. 


where 


v' 
*  1 


F 


Ic' 


F 


k' 

(/  t  rj 


r,  is  the  hwolcl  railiits  of  the  wheel. 


(25) 


It  is  somewhat  simpler  to  obtain  the  inoiiients  of  tlo'  l•Kternally  ajiidicd 
forces  in  the  following  nuinner 

iVi  -  —  p  -  t?:,  +  r,)  k  (2t>) 

p  -  ar  +  hj"  +  c_k" 

where 

P  ^  ijc  =  —  fc»  t27) 


The  other  distances  are  nod  in  a  similar  manner 

fej  Prc  —  (7-5  +  r„) 
fcj  i\j  —  (Zj  +  '■.)  h 

•■c4  fv,  -  (z.  +  r.)  fc 

Also 

i\<r  =  Pc,  +  ii_"  =  —  p  +  ir 

Pc,  =  Pc,  H  »_r  -  -p  r  ir  I  tr 

fc,  -  ~p  +  tr 


t-’S) 


(20) 
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It  cnn  be  shown  thrt 


p  ~  (ft  +  +  (b  +  *■•■♦)  j'  +  («■  —  nif  —  b<'0  k'  (:{0) 

and  tlial.the  dovjblc-prinie  unit  vt“i-t4U‘s  a^v  iflatcil  lu  ilie  single  prime 
ones  thvounb 

r  =  i'  —  ^  k' 

j-  ^  j'  —  o  k' 

k"  -  (pr  +  B_j'  I-  k'  (31) 

so  tliat  all  till'  inunu'iits  iiinv  easily  be  worked  out. 


List  of  sjnnbols 


Parameters 


=  Veliicte  total  wciRlit  (lb.) 

=  Veliiolo  spniiiij  weijilit  (lb.) 

—  (.'iioi diiiatcs  «tl'  C.(«.  ia  iloublo  prime  <s>oriliiiatc  ■>y»l('ii»  (tt.) 

=  Wlicolliar.c  (ft.) 

=  Rear  roll  eoni''r  lieiKlil  (ft.) 

—  Trend  (ft.) 

=  r.(i.  liciftlit 

—  Moiiioiit  of  iiierlin  of  the  V4  liiele  about  X-asis  (in  roll)  (lb.  ft.  sw.-) 

—  MoiiU'dl  of  iiierlin  of  tbe  vadtiele  aUml  Y-axis  (lii  Jiileb)  ('b.  ft.  se<'.“) 

“  -Miiment  of  inertia  4if  tbe  vebnie  about  Z-a.xis  (in  ,vii")  (lb.  tt.  set-.) 

•-  I’rodiut  of  iniTiia  of  (li4>  veliiele  atioul  X  niid  7,  nxin 

=  lioilv  roll  eoellieieiil,  due  to  engine  lor<|iie  ( noii-dimi  ii^ioiial) 

=  1.0  for  .s\ iiiiiiel l  ieal  viscid  drixen  a.xle  sii'ia  ii.'-ioun 

0  for  Mispeiiileit  eiiirier  .-.ii.'pi-U-sious 
~  IlidepeiuleUt  roar  >uspeiisiiiii  einllieieiil  (lioii  diiiieii'ioiml) 

—  1.0  for  iiidepcadeiit  rear  lunl  swiiijj  axle 

=  0  for  solid  axle  susjiension.s 

=  I’loiit  wbeel  drixe  eoelVicieut  tuou-diiiK'Usioiial) 

=  1.0  for  front  or  four  xilieel  drive  veliiilc 

0  for  rear  xvlnsd  drive  xeliielc 

—  Rear  wlieel  drixe  iiiellieieid  (iinii-irniieii.sioiial) 

=■  1.0  for  rear  or  four  wheel  drixe  vebielc 

—  0  for  front  xvlasd  ilrive  veliiele 

~  Rear  siiri.'ijr  base  (It.) 

Siibseripts ;  fl,  fr,  rl,  rr  —  front  lelt,  front  riidit,  rear  b'tl,  rear  ri[dit  xvlictl 
Sab.-eiijits;  f,  r  —  front,  rx-ar 

W  W,,*  ~  Slatii-  xvlicel  loads  (llis.) 
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=  Fn>iit  riilc  rate  (tli./ft.) 

—  I{«ir  ri<lf  r=to  (Ih./it.) 

=  Fnmi  jitnhiliriT  bnr  ralp  ait  IIip  tlli./ft.) 

=  Rpnr  ulnliiliMT  Imr  rule  (lU./d.) 

lb,  M'a*. 

~  Fniiil  jalicM-fc  alisiiri*cr  rule  ( - — "S 

d.  ^ 
lb.  !<i‘<*. 

~  Ka'nr  aK^airlKT  nife  ( - — 

'>  ft.  ^ 

—  Kn'i'pflvi*  ni.t-v>.  factiir  (iKiii-iliiiK'iixia'Iial) 

=  A.\Ip  riitio  (nnti-aliiiu-nsiim.Tl) 

==  AnIo  I'ilii'icnty  (iiiiii-<liiiio:i?.iaiiifll) 

—  Trnn^iili»i'*M»ai  olbi-iriipy  (ii<ni-»liiin*iisi4iia«l) 

=  Till-  railtiis  iiikUt  IoikI  (ft.) 

~  |{fiir  ri'lf  rate  iinTi’iiM'  <'iK'lVK'ia-iil  ibio  In  tvvi^tiii;^  nf  tin-  siariii"  in  rnll 

(iiiiii-ililiii'iisioiinl) 

Static  ciHili.  icr.t  nf  frii-tiini  liptwaiil  lire  iiinl  nvml  ^iirliieo  (nnii-diiiiciisioiial) 
•=  Friniliil  urea  <it'  llio  vobule  (It.’) 

lb.  sec.* 

~  Air  ll(•ll^ily  ( - 1 

'■  ft,  ^ 

=  .\cr(>(lyiiiiliii''  laielfuieiit  linill-iliincnsiniial) 

=  .Vrtoiluiaiaif  le.ti  i.i!  fi  r<e  !  i>e!lieii'::t  (!i<>ii-'!!l!U'i!si!>n;il) 

—  Aoi iiilyiiniiiic  III!  < <K'ili< ii'iii  (niiii.iliiiii'iisii.iial) 

~  Acfuilyiiaiiiie  roll  a  npllieieiil  tnnii  ilimeii'iniii'l) 

=  .\er(iityiilii!ii<'  liifeb  aMi'lliiicail  (ri,iii-iliiiieiiAi)ii!il) 

=  .\eni(l.Mimiiir  y;nv  «-aiel!ieieiil  (iii«n  ililiMiisiniial) 


lit,, 

.ll,r 

.11,1 

-It,, 

llf,,’ 

'll'lr 

ill',, 

iir,. 

.11  „ 

.11,, 

.11,1 

'll,. 

'll  11 

lit,. 

.11,1 

'll  rr 

•It'.r 

.lt'„ 

>Kr 

.If,, 

.11  ,, 

'll  il 

.If,, 

lucrcaior.tal  ir.pi't  values 

-  Half  .pf  Ire.Ti!  at  llie  lirr-ri>inl  euMlaet  jiniiit, 

willi  ra'.sjicet  III  M-riiiiii  wlieel  ili.sjilaeeiiieMt  (iinli-rull 
aiij:le)  (ill,  'iliiiii'ii'iiiiliiil) 

=-  Kate  Ilf  wlieel  ba-e  ebuiiLre  wnb  v.  s;>ei  I  to  vi  riienl  v.lieel 
iH'jila  emeiil  (mil i-jiiMi  miiile)  (noii-iliiiK'n^ionnl) 

-■  Kale  «>t'  Ire.nil  climilte  al  llie  ^v!a•■l  eeiiter,  wi!h  rcs;nct 
to  vertical  uln  cl  ilis(ilan  iiiciil  (iiiiii-iliincnsiuiia!) 


ladcpondcut  r.ud  d:,ji3;ulent  varialjics  (2  dejr.audeiat,  G  ij''.d:;p',r.dt'rit) 

5,  —  Sleci  Itiif  v.  Mccl  .nip-jrlc  ( riiiliatis') 

=  AnIc  l,iii;He  (lb.  ft.^ 

N.  y  —  riioniiai.li  -  of  tlic  ;;«s)iiu  t ric.il  ci  i!!i  r  <ii'  ibe  riu'bt  rear  vii.'el 

V  =  Ai'.l;Ic  lliiu'iL:'i  wbiclj  car  ba.v  ii.tatc.l  abuiil  Ibe  /.-a.\is  (ra, linns) 

f,ip  ftri  frr  “  \‘i':lip:al  vviiecl  ilcileeiioiio  (ft.) 
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T, 

S  K,  =  — +  Qti)  ^>1' 8||  - «w5ji  —  (t*ir  Qir)  sin  S(, 

T 

+  - ^*r)  Qrl)  ^rl  ^  ~  "^fl)  ^rl 

T, 


—  (K,,  +  Q„)  sill  8„  ir  ^ - R„)  tiwS,,  +  ‘.ilA, 

It  W  ..  .  W, 

r.  - -  (x„.s.s^  +  y„siM^  —  nf-  +  —  *;<r  —  •’f) 

If  ^  \\ 


13>) 


ll''ii  t  Qii)  ««8„  +  •‘^''‘S|i  +  (•■’ir  +  Q(f)  *f» 

T  T 

+  ^ - H,,)  tfiii  8,,  +  ^^■tl  i' <iri)  i“s8h  +  - H,i)  sin  8,, 

T, 

+  i^'it  <icr)  lOsS,,  H  - K,r)  sill  8, r  +  •’tMA, 

W  ..  ,  ~  -  \V.  .. 

=  — —  ( —  X,,  sin  ^  -H  y,,vtts^  —  l>  — - cBj  [^^) 


\V 

v  K,  =  \V„  +  \V„  +  W„  H-  \V„  -  W  +  *•. ,,  A,  ---  — *-  (~  f„  +  b  W  -  A  f)  (34) 

b' 


T 

■  [(^'(^  +  Qri)  ws  8,,  4  - K,,^  sill  5(1  t-  (F,,  T  Q(r)  ctK  8,, 

T  T 

+  (—““•^r)  '>'•»  8,,  +  (F„  +  Q„)  VOS  8,1  h  - U,i)  siu8,, 

T 

^  (F„  4--Qr.)  oos8„  +  (— -  —  ]{„)  siu  5.,]  (7/  4  r.)—  (V»'„  -i-  W„)  y/ 

T,  k 

4-  (W,,  4-  W,,)  (t  — jV)  -i-  +  c,  qA,  (!'./  4-  r.)  4-  - 

*>?. 

=  (;») 


i;m,  -  ov„  4  \v„)  -v  -  (W.,  4-  \\„)  (t-o 
T 

—  [ — (I’fi  +  Q;i)  sinS,,  4-  - H,|)  co»8(,  —  (F,,  4  Q,,)  sin 

T  T 

4-  ^ - K,r)  cosS,,  —  (F.,  I- Q,,)  sin  5,1  1-  ' - lJ,i)  cns5,, 

Tr 

-  (F„  +  Q„)  sinS„  +  (— --  -R„)  i-osS,,]  (7./ 4  r.)  4  r.,qA(l 


—  Cxq  A,  (7./ +  r,)  -  l,f 


(,Ui) 


1  ;>I,  =  ^(F,,  »  I'OsSfi  4  - H,,)  sin  *n  +  (F,,  4-  Q,,)  cosd,, 

T 

T  ^ - !{„)  sin  3rr]  (•  — 0—  [<  ^’rl  Qn) '•»«  *rl  - Krl)!>il'8rl 

X  T 

4-  (F,,  4- Q„)  <s»«  8,,  4-  - K,,)  sin  8„  j  s,'  —  [(“.^ - ’*'0 

Tr 

—  (^\|  +  Qri)  sin  8||  4-  - |{,,)  tsis  8,,  —  (F,,  4-  Q,,)  sin  5,,]  (t— y/) 

T  T, 

4-  [( — ' - (C,,)  »<>s5„  —  (F,,  +  Q,,)  sin  8,,  4-  ^ - R„)  cos  8,, 

—  (F,,  +  (i,,)  sii:  8r,  J  y/  —  Mji  —  Mf,  —  M,i  —  Mrr  4-  c,,  q  A,  1 


l.lf'  -  I..« 


u  luTL'  I 


T,  -  k„-~-  T,  -  k, 


It  is  pointi'il  (Jill  lli.'it  till'  I'liiiiitii'tis  i)f  iiiotioii  omi'lny  snl'scfipts 

IT,  fr,  I'l,  iiiul  I'l  (‘>y  iilcntifii'iilidii  of  the  iiuliviiluiil  ^vlicols  iiislcinl  of  iho 
jM'oviously  iisi'il  1,  2,  H,  4  iinlivo.s.  Tiiv  foivos  (li‘sij:!i;itisl  liy  IS  in  iiiuiitioti  (24) 
iiiv  liroki’ii  ilowii  info  iiiiliviiliijil  vonijioiicnts  ]>',  (J,  T,  H  ;iiul  ^V.  yiiico  tlio 
viTtii'.il  (listiuicc  liclM'iou  till'  origins  of  tho  prinio  and  doiihlo  primo  sysloias 
(points  O'  and  ()")  alTccts  tin'  value  of  the  eoordiiiale  L’  of  tlio  eentioid  of  the 
s])nuij'  mass,  tliis  distanee  eannof  lie  seleeted  arhitiarily.  Foe  instance,  in 
the  ease  of  a  veliiele  eiplij/ped  with  iiidepeiulent  frv'nt  sinniension,  and  solid 
rear  axle  (see  fig.  this  distance  hiconu's; 

hr  0  —  •>) 


and  the  value  ('  may  he  expivssed  as  follows: 

hr  <1  —  n) 


The  roordinal<-'i  of  the  eentniid  of  the  total  mass  of  the  vehiele  x'  y' 
and  7.'  uiav  he  o!;|. lined  from  simple  rteoiiieti  ieal  nd.ilionsliips : 


h'li;.  j. 


I)<‘|«‘riiiin»li4tn  itf  lli»*  riinr*rniii1»‘  <  r  -  I'l  llu*  i-i'nlmiil  i*f  a 
wiHi  r*':ir 


W. 

1,  - - ,  (-> 

\v 


—  )l  /  +  “t’  ^1 


Tire  forcea.  -  f.iMoral  tiiv  forces  aiul  llniv  dislriloitinu  iKiui-n  Ircnt  aiid 
,.)u-  arc  iccouiii/cl  as  tlic  major  lacl-r  in  (Irtcnniniii-  tlm  vcliicl.  s  Irclmvior  m 
urm  rim'.  Xon-liimarity  of  lalcrnl  tire  lores  mr.st  he  ciniilmsi/el,  ..n-c  this  h  a 
irimary  cair.c  of  llic  umlrisl.-.-rin-  or  osmsinsin;;  rcs|Mi,sc  oi  tiu'  vciiclc. 
rite  tire  tl’.cory  i>icvi<in>iy  <lcv4'l(;iH(l  hy  one  ti|  the  pie'.'.  iit  a'.'.th.v.s  '  is  utili/u 
o  rlescrihc  lateral  litv  force  ami  ali;:niii^'  tor.;\ie  as  mm  linear  innetmiis  ui 


ip  an-I.',  wlmel  loa.l,  Iracli.in  fore.-,  eaie.lr-r  ami  fri.-tlon  cnelVa  ;  ;.t.  Then  lore, 
lis  la-qu-r  does  not  eov/er  the  eMplieil  relal  i.mdiips  deseribiii-  t  re  elnraetef- 
ities,  lateral  lire  I'oreis  aiv  "really  inlliu  iieed  hy  nuamnais  de.- a  p::ra!netei  >, 
u-hidiiiK  dynamic  wheel  load,  wheel  eaciK  r.  imwer  api>lieatina  and  f-ooinc- 

r'uNil  stror.  ,11* 

III  ofl'-tlu'-lojid  Iwviiiuot iiiii,  all  i.'liri* iau.il  i;.cJor  nt<l  <  t 

mist  lie  considered  :  the  eharaeter  of  tlie  terrain  t  raversed,  p;  i  :u  ulrr!y  the 
leforinahilily  of  the  soil,  'i'hi.s  important  suhjiel  is  dia  uvsrd  in  .1  ^eiural  wnv 
11  a  later  seetioii  of  this  paper. 

irl.ii!  dynamie  v.lieel  load  is  dmirn'il  as  th.e  o.iil. menus 

aduo  of  the  vertical  rr..el!on  hel’.veen  ila-  tire  and  the  road  -  oinee.  It  is 
iivorned  liv  llie  si^  fact. ms  li.sted  and  <lis.  n'--..  d  l)v  low. 


1)  Static  'list ril)ul ion  IkIwci’ii  fioiit  :iiul  rnir:  It  Is  quite  obvious 

lluit  the  static  is  a  major  component  of  tlic  (lymiinic  load. 

2)  Lntciaf  tl•^ln^f«•r  tJiri>U‘;li  tlio  sjn  inf's;  1’Iii.s  issults  from  the 

total  rolling  inmv.viit  actiiijr  on  the  car  body,  wliich  is  coin  posed  of  a)  the 
inoincnt  prodnccf^  by  the  bilcia!  cinnpnncnt  of  inertia  force,  iqqilicd  at  the 
C.  (!.  of  the  sj^rViVi"  mass;  h)  tlu‘  nnmicnt  resiiliiiif'  from  latt'ral  disiilnccment 
of  the  C.  r;.  of  sjiruii>r  mass  diic  to  roll;  i)  llic  aerodynamic  vollinj'  moment 
and  d)  the  rnllifiii<  moment  <lnc  to  <lrivcsliaft  toriiuc,  in  the  case  of  .a  solid 
rear  axle  univ.  'fT>-'  drixt'shaft  toripie  prodiiees  not  only  a  moment  rcsidtinf'  in 
boilc  roll,  but  nKsy  ;i  moment  tran>itiilleil  direcll>  ihroiif'li  the  rear  axle  and  not 
associatCil  xvitli  rci'i*!*  Xln'ri'rore,  we  will  iliseiiss  llie  ellx’d  ol  drix'esiialt  torcpic 
on  lateral  weielit  transicr  separately. 

The  rolliiifr  n’l^'am'iit  of  the  spraiif'  mass,  wliieh  is  produced  l),v  the  factoi’s 
a)  b)  and  c)  as  lisfi-  d  alnixc,  is  determined  by  ndl  emler  lu  ifrlils,  roll  aiiftlc  and 
heif'ht  of  the  <-enfi''r  of  pressure.  The  ladliiif'  moinenl  traiismitlcd  lliriuiLth  the 
susjK'iision  spi'iiifTS'  to  tin*  whi'els  is  distributed  bi’twceu  Iroiit  and  rear  in 
])rt>portiun  to  tbe  t'speetive  roll  rales. 

31  I.aleral  <«<i;;bl  transfer  b,\]iassinfr  ibe  springs;  This  is  prodlleed  by 
tbat  nnmient  of  b/lefat  tire  forces  wbicb  etpials  tin  .sum  of  the  produi't;;  of 
front  and  nair  bifd'-d  tii’e  forces  ami  llieir  rcspecii\i>  roll  renter  liriehts. 

In  the  r'ase  <'>*  iudi  pcndcnf  suspi  iisions.  roll  center  In  iobi  is  not  a  eoiistant 
bill  rather  a  variable  whieh  is  di'teiiniiied  by  tread  clianoe.  In  the  eip  lions  of 
car  motion,  the  co-'.’cept  of  anti-roll  forces  is  used  instead  of  roll  center  lieiolit. 
.\titi  roll  force  i^s  4*  lined  as  the  vertical  eoinpom  nt  of  lateral  liis'  force.  This 

foriH*  e(|nals  latet'v)  lire  force  muliiplied  b.v  llie  aiiftle  latweiii  the  taiieeiit  to 

tlic  wheel  initb  c-uvi-  and  a  line  vi-rlical  with  ropcet  to  the  road  surliiee. 

4)  Lateral  wifjbl  transfer  due  to  ciifiinc  torque;  on  ;i  vehicle  cipiipped 
with  a  solid  rear  >.';-le.  a  toniue  reaction,  caused  b\’  drivesliaft  toci|ue,  develops 
at  the  rear  ;i\le;  this  ii-siilts  in  roll  of  the  e.ir  Isd.x  to  the  li'.'hl.  The  rolling 
niolie'iit  ]>roduef<l  b'c  drlve^luift  |l,•ll|Ue  adds  to  the  moments  luodneed  b,v  the 
later, d  cninponetifs  of  tlie  inerli;i  loreis  npldied  at  the  ( tl.  of  the  spiUUo  in;\s.s 
and  liv  aerodxii, forces.  'I'lie  resultant  iiionieiit  aetiiie  on  the  rear  axle  is 
coinposisl  of  tliat  part  of  the  tnoim-nt  due  to  drivesliaft  toripie  wliieh  is 
ti  aiisiiiitted  froiu  t! '■  b -Iv  to  the  axle  ihroiioli  the  .•.priiios  and  the  reaetioii 
inoineiit  at  tlie  re-vr  axle. 

3)  l-'ori'  (iii'J  aft  weiirlit  transfer;  This  is  piodined  liy  the  sum  of  all 

moiiieiits  actiiio  iif'-eil  ;t  horizonl;il  lateral  axis  ihrouch  the  t'.  (i.  of  the  vehicle. 

Tliese  niomont.s  in  turn  are  delei  niiiieil  hy  llie  huieil  udiiuil  I'ompoiu  nls  of 
inertia  foree.s,  b\'  f.**-  tore  ami  alt  *lispl;ieem*‘iit  ol  the  (  (i.  ol  tla'  sje,  uii'.t  mass 

I’e.sUitint^  from  ]ii.*''li  aan  by  the  a eris  1,',  iia 111 ic  plli  lilllit  llioiiieilt. 

ti)  Ijift  eae:.'d  b,v  arroilyimie.ie  ami  inerli,i  ftinas;  j’.oMi  aerodynaiiiie 
and  im  rtia  forees  b  i'c  eeini'on'-nis  .vliieli  ael  up  vrad  and  ei  ailt  in  lift  of  llie 
ear  Imdv  ami  re(!;''  tiou  of  xcrlical  wheel  ii'ni  t iiuis.  'I  liis  elleet  ilicieiises  with 
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siwil;  ill  high  speeds  it  enn  have  a  very  pninomiei  d  intluenw  on  vehicle  stabi¬ 
lity  bociiuse  of  tlie  intenelatioii  Indwecn  verlieal  and  latcml  tire  forces. 

Dcleiinimition  of  dynamic  wheel  loads,  taking  into  wiiisideration  all  the 
factors  disi’ussed  aliove,  is  expressiHl  in  equations  4346. 

u  *  • 

\\  I,  -  l\  II  +  k,  f|,  —  — ~  It,,  —  fii)  -H  k,|  t||  —  [It’ll  "h  Qii)  cos  8,1 

+  - •*")  — I - [~  (t’fi  4  Qii)  sinS|, 

*1  *11 

T,  .n„  ^ 

I  - H,,)  Ills  8, .j - -  -  -r  \\,|  (43) 

3  li  t|i 

If  ‘  If  4"  k|l,,  -I-  -  (J,,— -f,,l  +  k|,(  fir 

•> 

T,  illi, 

+  flt'i,  H- Qir)  5i,  +  ( - l{|,>  sill  8,,]  — - — 

3  ^  d  f|, 

Ti  ill,,  .fc 

—  [—  (t’lr Qir)  sm5|,  +  - - U,,)  ^••>s8,,]  -  ■»  "i,  (44i 

•  U  fi  ► 
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+  4  (f„  — r..)] 

T  **  *»r 

+  [(k„  +  q,.)..h8„  +  (-^-M  «'"H  Tr;;*''- 

+  [(K,.  +  Q,.) 

Tr  .  .  ,  >1,(1— kw)  T.k,  * 
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Tlu‘  must  sinnifirmit  turms  iu  (lusu  miimtions  mv  .•xpix'ssi.'il  .is  fu.iclioiis 

Oi'  vi  rtk-al  whM  ilisi.lnwiu-nt  f,„  f.,,  f.i,  f.i-  r  .  „  i 

Tl.o  tc-n.  «vm  tks.l  wluxl  aisi.h.muri.t  >  is  mure  commonly  <^>^'"1  •" 
.ulo.notivc  ilcsim.  l.uutiro  .Imn  Uic  i-ic viol, sly  cmrloye.l  values  z,.  Tlic  rnla- 

I'titiisliiD  jnitl  Z|  IS  sluAV  n  in  ^  i  •  i  ■ 

U7.fc(  aiwtnr:  Wheel  eainljer  piiHlnces  n  lateral  Inc  foire  "‘"'J 
,aailivc  to  tlH.se  pnHliieed  duo  to  slip  an«lc.  The  f.xmt  vvliix-ls  of  a  vohic  C 
eaiiippml  'vitli  independenr  front  suspension  us.mlly  lean 
of  the  turn-  ttierefoiv,  oainljer  thrust  redue.s  the  resultant  hUerul  tiie  fu  e 
the  front,  Camher  thrust  is  proportional  to  the  dynamic  cam  mr 
iipriles  static  desi.n  camher.  camher  eln.n.o  in  roll  and 
thrust  is  a  non-linear  function  of  wlieel  load  (si'c  eiinatnm  46  in  icf.  ). 

rourr  opi'UcIwn:  The  anpHcntion  of  po^^c^  to  the 
inllucuees  lateral  tire  forces  on  the  driving  tires,  lore*  and  aft  ^^elnht  tiaiis 


niid  Intoral  Tvcight  frnn.srrr.  Its  cffifl  on  liili-ral  tire  force  is  explained  l)y  the 
« interaction  elTect»  and  hy  rctliiction  of  tlic  .elTrctive  lateral  coeffieiont  of 
frietion,  na  dcscrilK'd  in  detail  in  refei-encc 

PowTr  npidiention  also  i»r<aliici-H  forward  acceleration  of  the  vehicle,  which 
brings  nlM)nt  another  longitudinal  roin|)iincnt  of  the  inertia  force  and  therefore 
produces  addilioTial  fore  and  aft  weight  transf«-r  and  pitch.  Since  power 
application  roquin's  an  inen-asc*  of  the  «liive  shaft  toifpie,  inhlitioiial  iateial 
weigl\t  tninsfer  and  roll  of  the  car  iMsIy  also  result. 

EiTect  of  geometrical  steer.  —  fii-onict ideal  .steer  is  defined  as  steer  of 
the  front  or  ivar  wlieels  whieli  n-siilts  from  causes  other  than  driver  action. 
It  may  irsult  fixini  any  of  tlie  following  factors:  stci'idng  geometry,  toe  ehange, 
initial  too-in  setting,  rear  ;ixle  roll  steer  ami  snsjiciision  ami  steering  ilexihility. 
(lOOinetrieal  .steer  causes  eliaiig*-s  in  slip  angles  and  eoiiM'ijiuntiy  ehangis  in 
lateral  tiiv  fom-s, 

Strcriuii  t/romrlrji  I  Sl«i-iiiig  geometry  delermine.s  the  ilisli  ilnition  of  slip 
angle  values  Ivlwecii  outer  and  iiiiiei-  wheels.  Truet  .\ekermaii  geoim-try  ]>r(nliu  es 
larger  .slip  angles  at  the  front  inin-r  wheel  lli.iii  at  the  outer  wheil.  Parallel 
steering  results  in  approximately  iwiual  sliji  anglis  on  outer  ami  inner  wheels, 
jndvidi^l  tlie  radius  of  the  turn  is  sunieieiilly  huge.  Since  the  lateral  tire  force 
redius's  with  n  deeis'iuse  of  wheel  loail,  tin*  slip  angle  at  tlie  inner  wheel  is 
eoinpandively  inelTeitive.  Tlterefon*,  the  Mhiele  with  Aikerman  steering  de- 
velop.s  smaller  resiiltaut  lateral  fons-s  at  the  front  tires  than  the  same  vehicle 
with  piirallel  st^s  ring.  <'on.s<((Uently,  in  a  given  cornering  maniiiv<-r,  tlie  vehicle 
with  Aekennati  steering  rei|uires  larger  steering  eoireetion.s  than  an  eijuivalent 
vehicle  with  parallel  sttvring.  Therefore,  if  parallel  steering  i.s  considered  n.s 
a  base  line  then  we  can  .sjty  that  .VeUcrinan  steering  geometry  jirodiiees  an 
undersleering  effi-et  on  the  vehicle. 

Toe  eliouf/r  :  T'ldcal  tw  ehaiigi-  gi'ometry  on  tlu’  front,  namely,  toe-unt 
in  .joniiee  ami  tm'-in  in  ndioiiiid,  rv.>idts  in  rmlnetion  of  tlie  slii)  angle.s  at  the 
front  tires,  which  in  torn  causes  ;•  reduction  of  lateral  tire  force  at  tl;e  front. 
Tlie  resulting  understeering  eflVet  iiierease.s  with  an  in  •reuse  of  toe  elninge  as 
di'serihed  nl)ovc. 

luitial  toc-in  This  i.s  another  factor  governing  the  distiilnition  of 

slij)  angles  iM-tweeii  inner  and  outer  wheels  in  a  eorneiing  m.iiieiiver.  I'nder 
aclnal  driving  eomlitions  it  rediiees  or  may  even  revei-se  to  hecuMu’  toc-ont, 
l)eeau.sc  of  five  (ilay  and  Ilexihility  in  tlie  steering  s\slem.  'i'herel'oiv,  in  study¬ 
ing  veliiele  dyiianiies,  we  ile.il  with  .so  eidled  «  dynamic  >  toe-in  or  too-ont. 
It  is  not  diflieult  to  si'C  that  dynam'e  toe-in  will  increase  the  slij)  angle  at  the 
outer  wheel  and  decre.-ise  the  slip  angle  at  the  inner  wlieel.  This  results  in  an 
increase  of  the  i-e.sullant  lateral  force  on  the  front  tires;  in  oilier  words,  it 
has  an  oviTstivring  efTeet.  Therefore,  dynaniie  toe-in  opposes  tlie  undcr.steeiing 
effect  proihieml  hy  .Xekermau  .steering  geonieliy.  l>.Mianiie  toa-out  lu'iiigs  about 
the  opposite  1ix-nd,  resulting  in  a  decrease  of  the  resultant  lateral  I'oree  at  iho 
front  tiros  ami  thus  has  an  uiidfi-st.ering  efi'eet. 


Star  axh  roll  str.er:  The  most  cmninonly  used  kitul  of  rear  axle  stoor, 
forwanl  Jisplacriiieiit  of  the  jmiiicc  wltool  relative  to  the  (lisj)Iacoiiieiit  of  the 
ndwiind  wheel,  results  in  an  iiiereMse  of  slip  nuRlcs  at  tlv‘  rear  tires.  This 
produces  an  incivasc  of  lateral  tiix!  forees  at  the  rear  aiul  tlierctorc  rcsult.s  in 
nil  understecring  effect. 


0 

J'ig.  7.  —  I'(><ilioii  <if  ll>e  vi’lii.lf  ill  llie  j>lniii'  of  tlic  tiiiul  surfni'i'. 


FlcxibiUlij  in  (hr  strniin/  siisirm .  Klexihility  in  the  stoeriuR  system 
iiiflueiicc.s  the  angular  ilisplaeeiueiit  of  the  trout  wlieels  jiroiluced  hy  torfjue 
I rau.suiittod  through  the  steeiiiig  .sy.stiMU.  For  a  given  initial  static  toe-iu  setting, 
ilyiiamie  toe-in  ih  erea.se.s  with  iiii  iiietva.se  in  the  tlrxihility  of  the  steering  sy.steni. 
Ill  cornering,  thi.s  Ih'.xihility  ti'iuls  to  cause  toe-out  (li.s|)laeeinent  of  the  outer 
wlurl  niul  «tw  iu»  i1is)ilaeeiiu-iit  of  the  inner  wluel.  Tlierefure,  flexihility  of 
the  .sti’efiiig  system  lus.s  an  niider.steering  elieet.  iliis  can  he  illustrated  Ia  the 
fact  that  !i  vciiiele  eijuipiied  with  a  rnek  pinion  sterling,  wliieh  is  coin]U'ir;\ti\ el\ 
rigid,  hn.s  less  uiidersterr  than  the  same  vehiele  eipiippcd  with  a  eoiiventionid 
Mteering  system  having  identical  static  .steering  geoinetiy. 

The  effect  of  geonietrienl  steer  is  deserihed  in  the  e(|uulions  of  motion  hy 
vtiipirieal  relationsliip.s,  most  of  whhh  are  inv.sented  in  terms  of  verliral  wluvl 
dispinceiiients. 

liateral  tire  force  is  a  funelion  of  the  variahles  ilivi'iissed  above  ami  aNo 
of  slip  angle.  The  slip  angle  may  he  expre^escd  in  tenr.s  of  oilier  variahles 
Ilf  motion  as  shown  in  ecpiatious  4i-54  helnw  (soi;  fig.  7). 
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Tlic  dynamical  ]irobIcin  thus  resolves  itself  io  n  system  of  six  diflViontiiil 
equations  in  the  ciftht  variables,  all  of  which  may  be  Shiuelions  of  lime. 

Tlie  basic  iiuleiiendont  variables  are  y,.  s!',  f^r,  fi,,  fri,  T,,  and  8,.  Si.x 
of  these  may  bo  .solved  for  when  two  of  them  are  .specified.  In  oiir  tuoblem  T, 
and  S,  will  be  spec-ified  together  with  the  initial  conditions  on  the  other  six,  thus 


.X,  tO) 
>1  (0) 
(«) 


N.  <0) 

y,  («) 

(1) 


will  be  a.ssnnieil  given. 

yince  we  can  solve  for  any  of  the  variables  of  motion,  quantitative  evalua¬ 
tion  of  a  vcliicie'.s  nndersteering  or  oversteering  rcsjmnse  is  also  possible.  I’mler- 
steer  or  ovei>tccr  de-a-ribi-s  a  change  in  motion  jirodueed  by  a  given  input  of 
di  ive  shaft  toiijne,  of  steer  angle  or  of  a  lateral  foreo  .such  ns  a  wind  gust.  Id 
the  case  of  a  steji  injmt,  iiuder.stis  ring  and  oversteering  characteri.slies  of  the- 
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vehicle  can  be  des<rilH'<l  quantitatively  by  the  time  history  of  the  resjwnso; 
input  ratio.  Itc.spouso  of  tl\e  vehicle  ma.v  be  express<Hl  in  terms  of  variables 
of  motion  such  as  yawitiR  acceleration,  yawinjj  velocity  or  radius  of  cur\aturc 
of  the  vehicle  jiath.  To  obtain  the  absolute  value  of  the  uiulei'steer-overstcer 
resi)ouse  of  an  actual  veliicle,  it  has  to  he  evaluated  against  a  so  eiiUcd  «  neutral  > 
iYSj)onsc.  The  difference  between  tho.se  two  responses  providis  the  actual  value 
of  uiulerstoov  or  ovor.stcor.  To  illustrate  this,  let  u.s  assume  that  for  a  given 
steer  it  is  known  what  radius  of  curvature  a  ear  will  move  in  when  travoling 
exceedingly  slowjy  under  steady  condilions.  Wo  shall  refer  to  thi.s  as  a  quasi- 
statie  radius  of  curvature.  Let  ns  now  suppose  that  a  car  moving  with  constant 
speed  in  a  circle  of  radius  p,.  is  powered  by  a  certain  constant  torque  T,.  Ix't 
a  unit  change  be  a|)plic<l  to  T„  a.ul  solve  the  dynamical  ecpiations  of  motion 
for  the  new  radius  of  euivatnre;  the  inetliod  for  doing  this  will  bo  de.scribod 
Ik'Iow.  On  com]>ariiig  the  new  radius  of  curvature  pa  with  p„,  wc  shall  say  that 
overatet  ring  h.as  occiirnsl  if  p„  <]  p„. 

Another  te.st  tliat  may  he  aiqdied  is  to  give  the  stec'r  angle  a  unit  change. 
.\gain,  solving  tlic  dynaiHi<-:d  «‘i|uations  for  the  radius  of  curvature  of  the 
|)ath  taken  l)y  the  car  and  comparing  this  with  the  radius  of  curvature  under- 
steady,  slow  condilions  for  the  new  steer  angle,  we  again  tisc  the  criterion  of 

and 

Prt  <  p„  o verst  rcr 

Pit  r>  Po  nnderstror. 

When  the  car  is  movmg  witli  constant  speed  in  n  straight  line  and  is 
acted  on  by  n  lateral  unit  force  e.g.  the  wind,  the  dynamical  eijuntions  are 
solved  and  the  radius  of  ctnvatiUY  is  ih  termined  a.s  a  fmietiou  of  time.  In  the 
ease  of  niidorstoer,  tlie  e.ir  turns  in  the  direction  of  the  wind,  in  the  ca.se  of 
oversteer  it  will  event ually  turn  toward  the  v.iiul. 

It  is  imi)ortaiit  to  note  tliat  a  vehicle  may  not  i)erl'orin  llie  same  way  under 
tlic  three  dift'crciit  conditions  described  abo\e.  It  is  also  iiiijiortant  to  note  tliat 
because  of  tbe  non-linearity  of  the  problem  tlie  solution  must  be  v:  :  i  :  d  out  over 
n  finite  duration  of  time  in  order  that  the  essential  cbanicterisiics  ..f  f*'C  motion 
be  dctermiiK'd;  furlhcrmoie,  tbesc  effects  caniiol  be  linearly  .supcr  imr.oscd  and 
will  depend  upon  the  initial  velocity. 

Thus,  the  (piaiitity  we  shall  solve  for  is 


k's]  + 


Kurtlu  i  iiiore,  tlic  comimted  ^  (t)  when  eomjiared  to  the  taiigeiit  tif  the 
trajectory  y/.\  will  indicate  such  phenomena  as  brcak-iiway.  In  addition,  tbe 
values  of  the  z's  will  indicate  wbelher  or  not  undesirable  oscillatioii-s  of  the 
.sprung  mrss  will  occur. 


It  is  cvitli'iil  that  tlu*  of  tlio  i>r<>l)l(Mi  prichidcs  ol)tiiining  a 

solution  otliiT  tlum  a  iiuHicrM'ai  oiii\  lloivevi'r,  with  tliv  »iso  of  n  high  speed 
digital  winputer,  it  is  feasible  to  solve  the  pi'ohlein  as  outlined  alwve.  In  fact, 
the  authoiN  ait?  at  im-si-iit  earryiuj;  out  such  a  pn»grain  b>r  a  vehicle  on  a  linrd 
l>i)vt‘tiu'nt.  For  that  case  vjihu-s  4tf  the  physical  paraaietiTs  entering  into  the 
equations  have  1ks‘|I  found  and  irsiilts  an*  iK’iiig  ohtaiiieil  whieh  can  he  and 
arc  iK-inp  e«nnpaiv»l  with  c\periiiient. 

In  the  ease  «)!  veliieles  tni  soil^  the  relationships  of  load  and  displace lUCUt 
must  he  found  iH-foiv  tiuinerieal  work  ran  lx*  carried  out. 

There  is  one  area,  however,  whieh  can  lx-  treated  with  presi'iit  knowledge; 
wc  should  like  to  point  out  that  the  piuhicin  of  a  vehicle  traveling  on  a  hard, 
fro7.eii  terrain  is  aineiiahle  to  solution. 

Lateral  characteristics  of  a  tire  rolling  on  soft  soil 

Vehicle  liiiiidliiig  eharaet eristics  arc  delermiin-il  mainly  hv  for'-cs  between 
the  tire  atnl  the  groniul  and  hy  defornnitions  of  these  two  meilia.  I.atenil  forces 
and  lateral  delorniatiinis  are  of  paiiienlar  in))i«>rtanee  in  eiriiieiiiig  iniineuvers 
of  an  automobile.  Otlier  forces  such  as  vertical  hauls  ami  loiigitniliiial  forces 
(traetioii,  rolling  resislanee)  ami  eorresjvomling  ilefunnations  are  also  important 
since  they  have  a  s<'<smdary  elTei-t  on  l;itend  for<-es  and  <1efoniia1  ions,  laiternl 
defiirmalions  «»f  the  lire  ainl  of  the  ground  an'  ))arlienlarly  important  siiue  they 
proiliiee  ;i  slip  angle  at  the  rolling  tire  and  tberefma'  delermine  the  l)eliavior 
of  the  veliiele  in  cornering.  To  the  host  of  our  knowledge  tire  theories 
d(Veloped  itt  the  past  were  eoiieeniid  exehisively  with  tires  u]ierating  on 
hard,  frielion  type  surfaces.  The  eoeflieieiil  of  I’rietion  hetweiij  the  tire  and 
the  giouml  was  tile  only  factor  describing  ground  jiroperties  which  these 
theories  eoiisideretl. 

Solving  the  tapiation  of  motion  for  a  vehicle  operated  on  a  hard  .surface 
with  high  ami  low  efsTdeients  «»i'  frietiun  would  show  that  a  \eliiele  moving 
oil  a  low  friction  surface  has  a  eoiisiderably  Inrgi'f  undeisteeriiig  iir  oversteering 
res])on':e  than  the  same  vehicle  on  a  high  frietiun  smT.iee.  Therefore,  the 
liamlliiig  eharaeteristics  of  vehicles  moving  aen)s.s  fro/.eii  eross-rouiitry  terrain 
eotdd  heeomc  critical  even  at  m'Hlerate  si^ssls. 

.Mllunigh  the  tire  equations  O)  «'a'd  in  the  solution  of  tlie  eipialious  of 
motion  are  limiteil  to  friction  type  lianl  surfaces,  tliey  can  also  he  adaided 
to  eolie.sive  type  .surfaces  hy  replaring  the  cix-nieieul  of  frielian  by  a  cohesive 
eoeffieient  and  hy  using  the  .size  of  the  tiiv  tsmtaet  area  iiisti'ad  of  wlteel  load. 

Ill  order  to  estahli.sh  the  elTeet  of  lateral  di'lormahility  ol  the  soil  on 
the  relationship  between  lateral  tin*  force  and  .slip  angle,  let  ns  <h'tevmine  the 
slip  angle  produenl  hy  n  given  lateral  foive  applied  to  tlie  rolling  wheel  for 
the  oa.ses  of  a  wheel  rolling  on  a  hard  surface  and  a  wheel  rolling  on  detormahle 
soil.  Fig.  S  shows  an  elastic  wluel  rolling  with  a  constant  forwanl  ^■ploeity  v, 
in  tlic  direction  parallel  to  the  X-a.\is  of  an  arbitrarily  scleeteil  X  V  Z  coonlinate 
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^>'Htoni.  Th(“  jiilaiii*  of  the  wlicel  is  piiraltel  to  tlie  XZ  jilane  niul  tlic  centcritne 
fit  the  wlieel!  ii;*  loeiitinl  at  an  iirhitcai-ily  seleftoil  distance  y„  fmin  tlie  Y  axis. 
No  lateral  fi-wi-es  art  on  the  uIum-I,  tliereroie,  the  ^■•ll)eity  vector  is  parallel 
lo  the  i>lanir  <of  the  ivlnvl  and  the  slip  aii"le  is  e(|Vial  to  zero. 

Fitr.  9  sJ.ioWH  tlte  suine  wheel  with  a  lateral  force  !•'  nelitifr  on  it.  As  a 
result  of  fhi*  fonv  application,  the  wheel  moves  laterally  during  a  time 
incrvinotit  Jilt  at  a  distaiiee  Ay,  =  Va  — y,  where  y,  is  a  in  w  coordinate  of  the 
r<‘nterliiie  <vt  flio  wtuvi.  Therefore,  the  lateral  velm'ity  eotnjainetit  of  this  wheel 


y 


lasonu's  v'  — At'  '  lalelal  vi-loeily  eoioponent  |(|■lKluees  an  anolc  n, 

la'lwe<-li  the  resnliant  vs-locity  victor  v  v'^,  I  v^  and  the  plane  ot  the  wlieel. 
Hiiiee  the  ff^ewaid  veliH-ity  v,  is  constant,  the  inaaiiitmle  of  tliis  slip  aiitile  will 
he  pr<i]'oi  t iis'ial  to  ihe  lateral  \elm  ity  eoni|'onent  v'.  or  the  laleral  displr.eemeiit 
Av,.  AVi'  ;iS''iiue  that  the  latioal  forei'  !■’  does  not  eseeed  the  Ivietion  or 
•■ohe.sive  liioi's  lietnas-u  the  tire  eonlaet  area  and  'lu'  "I'Onnd  snifaeo.  Toerelore, 
the  tire  (■iin;/'et  aica  i.s  not  displaced  laterally  and  the  latei'.il  disphui  aieiit  of 
the  wheel  .snlt.s  in  a  latrral  del'onnaiion  of  the  tiro  which  is  eipnd  to  the 
lateral  di'-;i'h.'eenient  of  the  wheel  fiom  its  initial  position. 

Ktencf  10  shows  a  whei-l  rollin;'  iindi'r  the  conditions  deserihed  ahove  and 
Mthjeeted  ioi  the  s;iine  lateral  fncee  F  aeline  upon  it,  except  that  ni  this  ease  we 
;iiSs»inie  tlie  wheel  to  1h’  lieid  and  the  soil  to  he  deform, ihle  in  the  lateral 
iliieetioM.  fif  onler  to  siniidify  this  jnohlem,  we  liist  omit  the  etteet  oi  sinkaee 
of  the  wheel  oil  its  lateral  Ilexihilily.  ttinee  the  wheel  is  ri;eid  anil  no  sliding; 
l;ihes  place  Ix'lweeii  the  tile  eonlaet  tirea  and  the  soil  surface,  the  latetal 
ilisj)laeeiiii  rit  of  the  wheel  will  he  deteiniined  hy  tlie  hiteral  disjila.eeimut  of  a  soil 
sej^ntonl  nnihfi'eath  the  ivntaet  ana.  The  amount  of  lateral  hl'.spi. ■.cement  of  tlic 
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lateral  displaceiiu'nts  caiiscd  by  deformation  of  the  tiiv  and  the  soil  i-espeetivcly 

Ay,  =  Ay,  +  Ay, 

Naturally,  the  resultant  slip  anjjles  will  be  larger  than  those  in  the  ease  of 
n  bard  siirfnec.  Theivrore,  deformability  of  the  st)il  eontrihiites  to  an  ineivase 
of  understeeriiif'oversti'ering  response  of  the  vehiele. 

In  the  diseussion  above,  we  were  eoneerned  only  with  lateral  deformability 
of  the  soil  and  igiunxtl  its  deformability  hi  the  vertieal  direction,  which  causes 
sinkage  of  the  wluvi.  Sinkage  of  the  wheel  results  in  a  ivstraintnl  lateral  defor¬ 


mation  of  tliat  I'art  of  the  tire  whieh  is  submerged  in  tlie  soil;  it  also  results 
in  an  inereased  t\i!ling  resistance.  Uesli-ained  l.ileral  del'oi a'.r.tion  of  t!ie  snli- 
inergiHl  jiart  of  the  tire  will  eanse  an  increase  of  oiciall  lateral  tiie  stilTiiess  and 
tlieiofore  a  decrease  in  the  slijr  angle  eorrespondiiig  to  a  giv.-n  value  of  lateral 
tiro  force.  Accordiiig  to  the  coueept  of  the  «  interaetion  efl’eet  »  itu'iva.-.ed  rollinfi 
resistance  results  in  vleereased  overall  lateral  tire  stiiVness.  1  here  lore,  sinkiiw 
of  a  tire  produecs  two  <)p|iosite  elTeets,  one  ol  whieh  revluces  and  the  oilier 
iiiercn.sos  lateral  lire  stilViu-ss.  It  is  not  ))oss’h1e  to  determine  il.e  i  f.Vct  of  wheel 
sinkage  on  tl'.c  icsnltant  lateral  tire  jiropiuties  (piant italivcly  without  know¬ 
ledge  of  the  ineehanies  of  the  interrelation  between  soil  and  tire. 

The  ahoM-  (liMnssion  is  merely  an  atlein))t  to  outline  .-ime  of  tiic  basic 
jnubleins  whieh  would  be  cuiauintered  by  anyone  intere.stocl  in  stuil.ving  lateral 
tirc-gi'ound  forces  and  deform.it ions  on  eeo..vs-eonnlry  vchieU-s.  Since,  to  the 
bvst  of  our  koowhvlge,  neither  expertinent;il  nor  tlieontieal  Wv'rk  hii.s  ever  been 
eonduetisl  in  this  liehl,  we  woiihl  reeommeiul  th;it  tliis  study  l)e  initiated  by 
iiH iisurer.ients  of  lateiMl  tire  I'orees  and  slii>  juigdes  in  eios-.eountiy  terrain. 
Soiiio  of  t!ic  existing  tiiiiler  type  test  r'.gs  eould  bi“  ntiliz'.sl  for  thi.s  purpo--e. 
It  is  idso  v.vsrntii'd  to  measure  vertieal  wheel  loiuls,  lolling  rc>,i  ;taiu  c.  speeds  and 


tile  prossuics  pivviiilitm  <1nriiig  the  tost.  The  mv.isim-inoiit  of  ooofTici*  iit  of 
fi'iotioii  or  wliosioii  In’twoon  Uro  niiil  tho  soil  siirraoc  is  also  iioocssary  in  order 
to  evnhiiite  tlie  tost  is'siills.  Of  oourso,  to.sls  to  ilctorniino  loiid-dofleetion  idiar- 
iiotoristios  of  tho  soil  in  all  thi-co  dinioiisioti.s  are  also  n'«iiiiris1.  Particular 
oniphasis  should  1h>  jilaood  on  diUcmruiing  tlio  ofTiH-t  of  a  load  acting  in  one 
piano  on  the  loiid-^h  lloction  ohanirtoiistios  of  tho  soil  in  the  other  planes  perpen¬ 
dicular  to  tho  foroo's  piano  of  ai-lioii.  Stiulics  along  those  linos  havo  alin-ady  Iks'h 
oonduotod  hy  UokUor^’.  lie  inoasnred  the  ivlationshii>  In-twoon  vertical  wlieel 
load  and  inaximuin  shearing  for<s*  in  the  soil.  Heklter  found  that  shearing  force 
inoreases  nonlinoarl.i'  with  an  iiior«*a.se  of  wln-el  lojnl,  roai’lns  a  <oi-t:iiii  inaxinniiu 
and  then  ox|ierirnoi'.s  no  further  change  ineideiil  to  a  fiirtln  r  load  iiioreaso. 
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I)  l  .S'  C  l  S  S  I  ()  \  s 

J.  Ii.  BOQDANOFr.  —  1  woiiltt  likt«  to  first  l•oll•_;nltllllll('  llir  s|K’iikov  on  n  very 
fine  jiiecc  of  T.i.rk.  The  eiiliMilntioii  of  Jirenknwny  is  indeeil  iiinisuiil.  ninl  while  I  nm 
not  nil  exiiert  in  this  (ielil,  1  mu  iiwnre  of  its  sijiniliniiiee.  One  iinestion  that  I  wuiilil 
like  to  jmt:  wh.n  you  sjioke  of  Iknih;  nhle  to  eom|>ute  hreakawey,  over  anil  niiiler- 
aleerinjr  off  the  roml.  what  |inH-eiIiire  iliil  you  have  in  iiiiinl  for  ilealiiij;  with  the 
gruiiail,  if  you  take  it  as  n  hunt  hut  rou^h  siui'nee  f 

£.  SAIBEL.  —  It  is  in  miswer  to  llial  ii'ie.'lhMi  that  1  was  iii'ervsteil  in  the  • 

work  of  Hoi^lnuuil  lunl  Ko/in,  lusauise  the  ehmaeleristies  helweeii  lire  ami  tiroiiiiil 
have  to  he  loiuol  eviaTiiaiailnlly.  Now,  ivlieti  those  eliiinietei isl its  are  vaiiiihles,  then 
obviously  the  only  thiin:  we  eaii  ilo  is  to  jret  aviniure  values  ainl  treat  the  |iiol)leiii 
li'om  stetisliral  ^•olllt  ul  view.  Tliis  is  <niile  iiossilile  to  ilo  heniiise  we  liave  niel heals 
ns  were  sh.owu  this  murniin;,  for  averi;};in^  the.se  iiuaiililies  in  a  rational  vvay,  anil 
these  vnliies  mu  tit  direelely  into  our  e(|ua'ious. 

r.  KOZIN.  -  IM  .iu.st  like  to  ask  Prof.  Saihel  to  ]H'rha|i.s  stnto  in  a  little  hit 
more  iletnil  the  slahilily  ol  a  limit  eyele  in  whirh  you  pei  form.  Conlil  yon  l  Oiiiiin-iit 
on  Ihfttt 

E.  SAIEEL.  —  The  .■'im))liri<-atioiis  that  wo  inaile  in  the  |ir<>l>Ii'ni  Were  on  the 

ilymimieal  siile.  !ii  many  haste  I  ilhl  not  mention  the  fait  llmt  wo  are  e.Nim-ssiii;;  the 

motion  of  the  veliieh*  in  terms  of  the  ilelhs'tioiis  uf  the  siiriin;.i,  ainl  we  are  iissumiii^r 
these  itetlerliiiii.-.  to  lie  small.  That  is  onr  first  siinplilionlion.  This  means  that  sinre 
we  take  the  iletleelinns  in  this  jrajier  to  he  small,  wo  are  limilin.;  ourselves  to  piteli 
mill  roll,  no  ynw.  Seeoinl  ns.snm|ition ;  in  the  kinenintiriil  mol  ilynainioal  analysis, 
eerliiiii  i|iiaiilities  « ame  op  whieh  wi-re  small  ipiantities  of  the  .seroml  onler;  lliese 
were  ilitippeil.  So  that,  the  ilynnimral  siile  of  the  ispmlioiis  are  linear.  The  non  linoar- 
ities  oeeiir  on  the  t'oree  siile  of  the  iHpi-ilion.  ('onsecpieiitly,  we  have  a  well  ilefiiinl 
system  wliitli  wo  known  will  have  a  iiniipie  solution,  with  llio  initial  eoinlit ions  that 
wc  impose. 


N.  20 


The  mechanics  of  walking  vehicles*) 


La  meccanica  del  vcicoli  che  camminano 


JoSKI'll  K.  SlIIGl.F.Y 


ABSTRACT.  —  A  criteria  /or  Quulitatirelj/  fudfini/  the  merits  o1  proposed  walking 
mechanisms  Is  first  established.  It  ii  found  that  the  shape  of  the  locus  of  the  foot 
relatii'e  to  the  vehicle  It  of  prhne  importance  in  obtaining  a  balance  of  ineitia  forces, 
and  that  this  locus  tj  ucef'M  in  the  creation  of  a  nomenclature  for  wiilhiny  mcchines- 
Walking  rncchanirnts  driven  by  a  rotating  source  of  power  are  inceifi-jatt'd  ai'd  found 
to  be  useful  only  for  slow  speeds  because  of  Jbe  difp.cuitg  of  contrnl  and  of  ol-taining 
balanced  inertia,  forces,  ft  (s  found  that  hgdraulicaily  opcratcjl  uc’c.ing  mechanisms 
satisfy  most  of  the  quality  requirements.  Another  conclusion  of  the  paper  ij  tnat 
walking  machines  should'  be  capable  of  tra'er.slng  rough  terrain  at  slightly  greater 
speeds  than  wheeled  or  tracked  vehicles. 


Introduction 

Tlio  miiubtT  of  irforctuws  on  Iho  i»»'t’liiinios  iif  aiiiiiiiil  lotomotion  nrc 
iiuli‘i'<l  spai'.so.  Jickkor  '  ’  cites  Kaslu-vsky  ami  statc.s  that  all  juinjiiuj'  or 
nmirmf;  ((uadi  ijutls  utili/c  n  sy.stem  of  cxtiriuiti.s  coiisisliit;:  of  K-vers.  Both 
Ih'kkcr  and  ]{aslu'vsk>'  riai-h  the  eoiu-lusion  that  I'uauiiio  loost  ii'iieii'iit  vlu-n 
the  verlieal  muvi'iiu-nt  of  the  ;'ent>'r  of  oi-avily  i.-i  a  iiiininuiiii.  Beliker  uses  the 
IKilyjjoii  aniiloey  to  develoi)  relation-.liii’s  whieh  u"'’  the  jijwer  iviunrcil  for 
walkint;  as  n  (iiiietiiUi  of  the  veh)eity. 

Ill  IhlS  l/'veiis,  liiiiian,  iiiul  l$Ioxs*T  reiiorii'd  ai\  iiitr-nstin;'  means  of 
iinesliitatinn  the  ineelianie.s  of  hninan  loeoniotioii,  Veitienl  .onl  hori/.oiital 
tl's|)laeenients  of  Muiuus  i>nints  on  the  le"  and  li^r’y  in  a  siinr'e  idane  were 
ii.  .ermineil  iihotoi;iat»hieally  by  an  iiitenujited-rmiit  tn  tmii|iie.  For  a  iwnnal 
snhjeet  in  level  wnlkiiij',  the  results  show  a  .s:iio<iili  and  eontimions  cuive  for 
the  motion  of  the  center  of  gravity  with  only  a  si-  it  vertirol  niiilion.  (hi  the 
other  liand  the  pall’  {teaerated  hy  the  heel  is  <|uii  iliseoalimious  with  hu'i'e 
veloeity  ohaiiye.s, 


.Yvfc;  Tho  *npi*rit»r  nunil»»T't  refrr  lo  ilu'  liihVM'jjrnj*!  y  nt  lln‘  oii'l  uf  llit* 
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Current  research  in  prostlietics  iit  the  I'nivoiNity  of  ^fieliigan.  Case  Insti¬ 
tute  of  Teehnolopy,  the  I'niversity  of  California,  ami  otlieiM,  may  yield  valuable 
tcohiiiiiui's  for  the  investiKation  of  animal  loeomotion. 

Iternhard  ’  recently  made  a  preliminary  study  of  meeluinicnl  means  of 
riKininp  and  jumping  and  siijn'csted  that  additional  investination  is  desirable. 

\Vith  this  meat'er  background  an  invest ijjat ion  into  the  i)i-oblcms  of 
meebanieal  walking;  appeared  juirtieidarly  intercstin|T. 

The  eleiiu'iits  of  a  waikiii"  vihiele  may  l)c  ilhistralwl  by  the  block  diagi’am 
of  fit?-  1-  The  piiircr  \oi(r<  ■  is  u-  ul  to  e.vercomo  friction  between  tlic  feet  of 


vwlking  mechanisms 


FiK'.  1.  —  lll'i'k  •lifti'miii  of  n  Wuikin^  vi'liicU'. 


the  veliiele  and  the  terrain,  to  make  up  for  frieiienal  li).--.e-j  wlneli  oeenr  in  the 
nmvino  pails,  an<l  to  lift  llie  \rhiilr  over  Jibsiriiclions  and  up  ;’i'ndi's.  The 
i  iiti.lriil  (11  provides  a  means  of  ei'nieoUiiij;  ll'.e  f/o  i  cti'oi,  Ifinjlh 

Ilf  .I’/rii/e,  111  ii/hl  nf  sh  ji,  and  l  irrnhuii  V'hi'li  aliove  tlie  mean  tei  raiii  level. 
'I'lie  leL’s  or  unit  means  of  loeimiotion  are  ih  "'  -  .1  as  ii-nik  iiui  an  i /non.sJ.is  and  are 
identilii'il  by  the  nuiiiliered  hlueks.  The  ( ;  .  i  ini  stiiriuji:  liii  ii  r  sel  ves  to  level 
the  power  ie(|uin'ments  by  iimvidino  eiierjry  for  aeveleraruni  of  some  of  tlie 
waikino  ineelian isms  and  iihsoriiip)?  or  spiriiii;  tlu’  ener^'y  iidi'ased  by  the 
deeeleiation  of  oilier  iiierli;u:isms. 

An  iih'id  walkin;^  nii'chanism  is  one  whieh  fuliills  the  followint:  reiiuiiemeiit.s ; 

1)  It  must  have  ii  uniforiii  vtloi-ity  while  tlie  feet  iiie  in  eoiiliiet  witli 
the  t'l'onnd. 

d)  The  stride  most  be  Imin  in  iel.ili<>n  tn  tlie  physieal  dinien.ions  eo  the 
widkint:  meel'iinism. 

d)  The  lelinlli  of  stl'lde  must  bi‘  eontrolhd'le  by  the  vehiele  opel';\toe. 

4)  Tlie  hei;:ht  of  the  step  uolur.i  stiiil.e  of  foo'.)  should  be  la;';:e  eou'.pared 
to  the  diineiisioiis  of  the  walkiipr  iueebililism, 

.">)  The  lifiylit  of  till'  sli-p  shiiidd  lie  eoiitri'll.ib'e  b,'  the  vehiele  op'^roior. 

•JO 
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6)  It  shonUl  linv(>  n  Iii'jh  sti'ide-tinur  to  rotiirit'tif>'<?  ratio.  Tliis  nu'nns  that 
the  foot  shoiilil  be  in  oonlaet  with  the  tcnaiii  4t(trioR  a  major  portion  of  a 
cycle  of  operation. 

7)  The  speed  of  a  walking  meehnnisni  slioilhl  Iw  capable  of  variation 
independently  of  other  walking  ni<'eli:iiii.sins  on  I  hi*  loime  vehicle.  This  require¬ 
ment  provides  tite  means  for  dii'<‘ction  control, 

8)  The  Walking  inechaiiisin  .shonld  be  sticli  tinil  if  can  move  the  vehicle 
in  either  the  fonvard  or  the  liackward  direction. 

9)  The  inertia  forces  and  inertia  tonpies  acting  on  the  vehicle  should 
l»o  halanood. 

10)  The  energy  r««jnired  to  lift  the  fiK)t  at  the  end  of  stride  and  return 
the  f(M)t  to  the  beginning  of  stride  should  In-  r<-i‘0\er;d»le. 


Fig.  2.  —  I.ocMis  of  I  he  tuolr 


11)  Tl.e  height  of  the  IhkIv  of  tlie  vehicle  id-ove  a  menu  t.  vrain  level 
.should  he  eainihle  of  control  by  the  »)peralor. 

A  u.sefnl  means  of  tihlaining  a  j)reliiiiiniii >'  ••stimalc  of  the  value  of  a 
j'fopused  walking  lueehanism  is  to  !’ra]d'icaUy  ceneiate  tbo  closed  <-urvc  or 
locus  eontahtin.':  all  points  of  the  foot  as  it  mov<’s  I'l  lative  to  the  \>'hiele  (fig.  2). 
In  fig.  2  the  foot  drives  the  vehicle  during  .stride,  md  a  ponil  traveising  this 
I'ortioii  of  the  locus  slioidd  do  .so  at  a  e'ln.slniit  \i  loeil\.  T!ie  remaining  ]v)rtioi\ 
of  till'  lueiis  ari>  the  lift,  nfara,  and  hnrtr  ])lia'."s  ol  ll.e  aettou.  A  roiniilete 
travi'i'.se  of  tin-  locus  by  the  fool  ceM'lilules  a  i  The  shnjie  ot  the  lift  nud 

lower  plia.ses  i)f  tlie  loeus  are  us.-lnl  in  deieriii i i.  n.g  'hi-  aelion  of  the  foot  in 
initial  and  (iaal  eonl.n'i  with  the  ground.  The  sh.ipe  fhe  reluvn  portion  is 
imniaterial  e\<-'pt  as  it  alVeels  tl.e  aeeelerat ioii. 


I''igiue  :}  illuhlrati  s  a  group  of  loei.  Tim  limitii!'..'  'U-  dcgeiiei-ate  ease  in  (a) 
is  the  same  as  a  wheel.  The  reeiongular  loeiis  ol  i  h;  i  -  -'.t' re.-iing  la'aima',  dtiiing 
return,  the  f«s>t  is  always  the  .same  di-laiiee  from  the  terrain.  It  is  a  ]>Jor 
loens  lieeause  of  the  infinite  aer.’lerat Ion  at  thi-  eoiiuf.s,  and  h, "Cause  a 
desis'iuling  foot  ciirmnitering  high.er  Urrain  '.sonhl  tilhee  slule  across  the 
tei'i  ain  or  eaii  j-  the  vs-l'.'.e!,-  t.-,  slop  lor  a  perioil  oi  lin.e.  I'he  h.'ci  af  (e)  and  (d) 
reiin  seiit  e\ln  ine  t',;  .-.•s  wliieli  e.m  In'  ohlaiin  d  the  ei'ank  and  nn  l  er 

linlcr.go  in  V.hleh  the  f.ag  i-;  atiae'.a  d  to  die  otil'.jder.  T'.  :  lo  'tls  of  (e)  ti'aev-!  the 
most  altiM-.t i\ c  posii!:ilit:.-s  In-e.iv.-o  of  its  syini.eiry.  It  Inrs  a  loiij:  .'tr..V,ut 
iitriue.  The  ret'. rn  ol  th.'  liii'gs  is  dirt  i'l  I  .-'.es  In  .tise  mitiuiiuin 
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DPColorations.  The  lift  anil  lower  phases  of  the  action  icscmhic  that  of  a  wheel 
nlul  so  their  ocevleratioii  ehiiracteristies  shoultl  not  he  too  different.  Further¬ 
more,  a  syimnetrienl  loco-s  offers  the  attractive  po-s-sihility  of  getting  balanced 
inertia  forces  and  tonjuca  by  prtiperly  phasing  a  miinl)er  of  walking  mechanisms 
on  like  paths.  And  finally,  the  .Hha|»e  of  the  lift  and  lower  phases  .seems  to  he 
tin*  best  cunipruiuLse  between  the  cinmlar  loeus  of  (a)  and  the  reetaiigular 
one  of  (b). 


Kic,  3.  —  F<h»1  !oci. 


it  is  iiitcrcstiiit'  to  eontntst  the  oj'.erntion  of  a  wheel  wlien  meeting  an 
(jlMlnielioii  to  that  of  the  foul  of  a  walking  ni.n-hine  when  meeting  the  siiinc 
ohslrnetion.  Uot'i  cases  me  shown  in  fig.  t.  In  (a)  a  wiieeleil  veliiclc  iiio\itig 
with  a  velocity  V  nwels  with  an  >  h.-slvurtii>n.  I’oiiU  A  is  llie  point  of  euntact 
iiiul  tile  periphery  of  the  wh.eet  ha.s  the  same  velueily  (tmigenliiil)  V  as  the 
veliicle.  but  it.s  hori/.oiital  eoinjioneiil  V  is  h-ss  ihaii  V  aiul  consenaeiitly  the 
\ehie!e  (except  for  the  effect  of  the  ehistieitv  of  the  liis')  tries  to  cliange  its 
^■el(lcity  to  V"  eausing  shock  to  the  vi-hicle.  In  (h)  the  walUin;'  inaehinc  meets 
the  si'.nio  olislruetioii.  'I'hc  velocity  of  the  fiml  V*  alsii  differs  from  the  vehicle 
velaeity  V.  But  it  is  not  unlikely  that  a  walking  meelianisia  can  he  develojiecl 
III  wliich  the  tangential  euinjianeiit  of  the  veleeity  of  the  foot  on  the  lower 
pliii’ic  of  t!ic  loeus  can  he  siilislantially  iiicreasi'il  aiiove  the  \ehiclo  veioeily 
so  IIS  to  iiierense  tiie  horivontat  eonipoiieiit  when  inc'lin;;  an  ohstvuetion  inul 
thus  decrease  tlie  slioek.  I'mtliei iiime,  a  fisil  dues  imt  eoul.iet  every  [uirticle 
in  its  path  of  ti'.ivil  so  that,  hy  simple  )»isil>iihilily,  v.e  know  tlint  a  walking 
imiiiiiiie  will  not  cueounler  ns  iin-ny  ohslriielin'is  as  a  wluiied  veliiele.  This 
leiuls  to  the  eoUelusioii  that  a  walking  luai-hiiu-  oiiglit  to  luixe  an  advaiitnge 
oMi'  a  wiieehil  or  tracked  vehie'e  over  rougli  terrain  if  speed  is  the  governing 
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consideration.  It  i.s  iil.so  clciir  from  this  «lis«  Hssioii  that  walking  incchnni.sms 
shonld  be  designed  to  permit  some  leliitive  motion  or  sliding  iK'tweon  the 
shoe  and  the  foot  of  the  meeliaiiism  or  iMlwceii  the  shoo  and  the  terrain. 

When  a  pair  of  legs,  on  a  walking  maehine,  aie  separated  by  a  reasonable 
distance  nnd  .synehronized,  then  tlieir  lower  exlremities  may  be  joined  by 
runners  or  skis  in  order  to  jirovide  a  very  long  inirrow  shoe.  Sneh  an  arrangement 
should  be  esiH'cially  useful  for  w.-.lking  over  soft  tei  rain  stieh  as  snow,  swampy 
ground,  or  loo.se  sand.  The  pos-sihility  is  noliMi.  however,  that  the  use  of  two 
logs  in  sviielii-onisai  by  its  very  nature  preveiiU  the  pbasing  of  one  leg  relative 
to  niiotlier  in  order  to  balanee  inertial  elTeelH. 


ta)  WHEeL  lb)  WALKING  MECHANISM 

Kig.  -1.  —  (‘iiniiinrimiii  of  ii  «  lieel  (net  n  fiHit. 

Kigluv  i'l  illustrates  iin  >if  iriilkiitij  mfr/iani.sm  with  a  foot  A 

genernliiig  the  uh'al  loeus.  It  is  called  an  ei|iiiv:dent  ineelumism  for  Oonvo- 
nienee  nnd  l>eeaus<'  we  wish  i*.  to  represent  the  general  class  of  all  mechanisms 
eai>:'.ble  of  generating  th<‘  ideal  h>eiis.  I’oinl  ()  is  atlaehod  to  the  frame  of 
the  vehicle  and  juatvides  u  j)ivol  for  the  reeking  hloek  3.  Link  3  Is  the  leg 
nnd  it  can  slide  through  the  rocking  block.  The  driving  foree  must  he  .sup])lied 
at  jioinl  U  hut  it  is  not  neee.ssnry  l’»>r  this  disenssion  thnl  we  sj)ee)l'y  the  details. 

AVe  might  visualize  |)oint  .\  aa  Iraveisiiig  the  lu'.th  at  a  unirorm  velocity 
;dwa>'H  tangent  to  the  jmth.  'rheii,  beean.se  the  distance  l).\  is  always  ebanging, 
the  leg  will  always  ha\t*  an  angular  aceeleralion.  A  vertical  eeaiiiunent  of 
aeeeleration  aWi  exists  during  the  lift  and  lower  pha.scs  of  the  action. 

For  the  problem  as  de.serihed,  the  vertical  acceleration  during  lift  ha.s 
n  sen.se  whii-li  is  exaetly  u|iposite  to  the  vertieal  aeeeliaatioii  during  the 
lower  phase  of  the  aetioii.  'I'liis  means  that,  if  two  legs  on  a  vehicle  are  out 
of  phase  by  «)ne  half  a  cycle,  then,  iliiiin.g  lift  and  loweia  the  vertieal  inertia 
forei's  will  Ih.*  exaetly  opposite  in  ilireetiou.  If  the  mrisse.s  of  the  two  h'gs 
Jire  the  sjinie,  and  if  tlie  line.s  of  action  of  the  t'so  im  itia  foivos  me  coincident, 
then  the  res\dliiig  inertia  fttree  on  the  vehicle  is  zero.  This  exi>liiin.s  the  meaning 
of  iKilaneing  and  how  the  vertical  (•mnpitneiils  of  the  ineitia  forecs  can  lx; 
Imlonml. 
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Next  wo  cons'uloo  the  li»ri/.ont:il  coiuiiuiicnts  of  tlie  iiiortin  foi’cos.  If  tlic  [ 

li'H  is  .stjitioiilly  iHiliuuod  tliost*  result  in  iin  inertia  torijnc  on  the  vehicle  | 

anti  it  is  in  this  tonino  that  our  inlotvst  lies.  It  is  clear  from  fig.  5  that  ■  | 

the  inertia  forces  during  stritlo  will  he  opjw.sitc  in  tlireelion  to  tho.se  which 
tM’Our  during  tvturn.  It  is  not  so  elriir  that  their  inngnitiides  will  l)c  ilifTcrcnt. 

During  lift  of  the  leg  the  mass  center  changes  its  position  too.  Fuvthcnnoro 
the  angular  acceleration  of  the  leg  is  dilTerent  in  magnitude  tiuring  I'oturn 
tliain  it  is  during  stride  heeause  tin-  loot  A  is  closer  to  tlie  canter  of  rotation  O. 


Tims  a  pair  of  legs  sc|iarated  l)y  a  pltasc  of  one  lialf  e.eele  will  (inly  have 
tlieir  inertia  tonpies  partly  lialaiu-ed  duritig  tlie  stride  and  return  events. 
It  eon  he  demonstrated,  however,  that,  heeause  a  toiipie  vector  is  n  tree  vector, 
hy  using  sixteen  or  more  legs,  the  inertia  tonjue  reaetioii  on  the  entire  vehicle 
Clin  Ik‘  made  xeiy  small. 

The  preceding  disenssion  shows  tlmt  the  four  euriiers  ol  a  vehicle  should 
be  supiKJited  by  n  minimum  of  si.xteen  legs,  lour  per  corner. 

Mechanically  operated  walking  nicchanismB 

By  a’ 'clmnieally  operated  walking  iiieehanism.s  wo  re>’er  speed.  y  to 
an.v  '■'nlkiiig  ineehnnism  consisting  of  meehmiieal  links  driven  hy  a  lotaling 
souiec  of  power. 

Figure  G  is  not  a  solution  to  tlie  ■.irulilem  Iml  it  rei)i'es‘'nt.s  tlie  general 
eonfiguiation  of  tlio  elas,s  of  linkages  whii.-li  wi-re  iiuestigated,  and  is  iire.soiUecl 
as  an  illustration  of  some  of  the  ju-ohlems  involved. 

Tlio  linkage  of  fig.  0  is  called  the  eeank  and  roelcer  linkage.  Tlie  cnnik 
or  driver  is  link  2;  it  rotates  about  a  center  O.  lixevi  to  the  veliiele  fr.ame. 


Link  4  is  the  rocker  nncl  it  oseillntt's  ntxMlt  iviilor  O*  also  fixed  to  the  whicle 
frinnc.  Link  3  is  chIIihI  the  ro«/>/er,  and  ll  conneotcxl  to  the  foot  at  point  B. 
Link  1,  the  frame  of  the  veiiiele,  is  not 

Tl\o  linkage  mid  the  looiw  arc  ntd  eonipatible  sini-c  the  one  will  not 
gencrutc  the  otlicr.  The  ptohleni  is  thisj  What  arc  the  dimensions  of  the  four 
link-s  whieh  will  geiicrute  the  reiiiiired  lut'fuf 


Tlu'ce  iiu'IIuhIs  ol'  synllu'si/.iiig  sueli  ii  linkap-  aro  availalile.  'I’lic  llroncs- 
Nelson  '  s\i)th('sis  eoiisists  in  insjui-ting  a  v  ry  Ir.rgc  nunibi'r  of  patlis  gi'iieiatisl 
hy  linkages  of  different  dimensions  uiilil  n  •'■nitaiile  one  is  found.  The  seeond 
iiietliod  is  due  to  Ivurl  linin’  aiul  is  enlieil  jn/iiit-jtosiliou-n-chictii/u.  It  eunuLsts 
of  ehoosing  five  ])oints  on  tlie  iiatli  to  he  K'-m-rnled.  Then  a  proper  elniice 
of  point-s  ()j  and  Ot  together  with  the  eCiiiik  length  t)..A  enables  one  to  loe.ntc 
iwints  B  and  C  by  an  inversion  priM-(s<»  so  lliat  point  B  will  pass  tlirough 
the  five  jireseh'cted  points,  h’ri  udeiislein  lias  progrr.innn  d  1  Iain’s  :netho<l 
on  tho  IBM  G.IO  eoinputer  so  ns  to  obtain  a  linkage  whieh  will  generate  the 
loeus  wllh  the  least  error,  .^inee,  theoi ei (eidly  at  least,  there  are  an  inbnile 
nninbcr  of  .solutions  to  the  piohlein,  an  illlbiile  munber  still  iviiuiin  after  tlie.se 
laetbods  luive  been  used.  Furthermore.  iiJ  )'>oint-poiii itm-ivluetion  tluro  is  uo 
nssiiiatiee  in  advanec  that  the  re.-uilting  linkage  will  permit  the  crank  to  rotate 
ill  a  coiiijilcte  circle. 
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A  linkage,  representing  a  group  of  similnr  solutions  obtained  by  the 
Ilroncs-Nelson  method.  Is  5»iio\vn  in  fig.  7.  The  locus  is  shown  by  dashed  lines. 
The  distance  between  the  nuinbci-ed  station  poinf.s  on  the  locus  gives  n  good 
Idea  of  the  vclocilU's  involved  since  these  corres|>ond  with  cipially  spaced 
points  on  the  crank  circle.  The  .stride  is  fairly  .stniight  and  has  gotal  velocity 
characteristics,  but  the  height  of  stop  is  much  too  sinalL 


!  2 


jv-  10  It 

Kig.  T.  —  fourUar  walking  linkage. 


A  thorough  search  of  llruiu-.s  ;iiul  Nelson  reveals  only  a  lew  linkages  which 
will  generate  the  miuired  locus  and  none  of  tlnse  soeiu  lo  Ik'  any  better  than 
the  one  of  tig.  7.  On  the  other  hi'.ud  if  link  4  is  peiniilted  to  oscillate  about 
a  point  wlileh  is  near  oi*  hilow  the  roadway  suifaee  then  a  great  many 
eonfigurations  iH-eome  availaiilc  for  stiuly.  Since  tlie  pivot  for  link  4  cannot 
physically  bo  locate<l  Ivneath  the  r 'ailway  .surface  it  is  ;Kees.sMry  to  replace 
link  4  with  n  slider  operating  iii  a  miii  groove  having  a  center  of  curvaturo 
below  the  roadwa.v  surface. 

T!io  best  of  the  cam-griHjve  nteehanisius  is  the  one  of  fig.  8.  Tlie  loeiis 
shows  a  good  .stride,  ii  fairly  good  retuiu-slixiko  eharaiiee,  ainl  a  lower  phase 
of  the  action  which  Is  not  too  poor.  The  lift  is  not  g'.'.od,  ar.d  the  locus  is  not 
symmetrical  about  either  the  vertical  or  the  liori/.ontal  cvider  lines.  The  fact 
that  the  foot  velocity  during  stride  is  not  uniform  nsjuires  that  the  crank 
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driven  at  a  noii-uiiiforin  \Tloeity.  This  in  a  concotion  moans  and  it  can 
atToiuplishwl  l)y  driving  the  eiaiik  xvilit  a  pair  of  iion-eireulai-  gcai-s. 

Since  the  cam  groove  m-eti  not  bo  constant  tmrvatiiro  sliglit  clinngcs  can 
bo  made  in  it  in  onlcr  to  refine  tlio  locus.  Figure  0  sliow.s  an  improved  locus 
obtniiird  by  such  a  cori'cction. 


4 


Fijj.  S.  —  The  cniii  u''""ve  linkage. 


The  e.visl.Moe  of  tlie  ram  groove  is  (piito  a  disiidvantago.  In  aii  effort 
to  overcome  this,  and  .still  lake  advantage  of  the  large  pronp  of  linkages  like 
tliat  of  fig.  S,  till"  one  of  f'g.  10  was  developed.  This  ainonnts  to  taking  the 
linkage  of  Fig  turning  it  upside  down,  and  eonneeting  another  link  to 
])uint  B  having  the  fool  on  the  otlu-r  end.  In  fig.  10  we  wish  to  connect  the 
leg  at  point  F.  Bvit  a  leg  connected  only  at  C  would  not  have  constrained 
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niution.  Consotnu'iUly  wc  inUl  links  n.  7,  nnd  S  to  tlie  sysfi'in  niul  t'ct  a  linkngc 
coiLsistiii;'  of  two  f<vt  M  and  X,  or  a  single  ski  or  niniier. 

A  small-scnlc  working  model  of  a  walking  inaeliine  was  constructed  by 
the  Land  locomotion  LalKU-atory  at  the  Detroit  AiNcnnl  based  upon  the 
linkage  of  fig.  10.  A  pliotograj)li  of  this  model  is  shown  in  fig.  11. 

The  jH'rformanec  of  tlu>  class  of  walking  iius-UanisitLs  capable  of  being 
driven  by  a  rotating  enink  cannot  be  de.seril)ed  as  Ix’ing  very  satisfactory. 


4 


None  of  them  fulfill  the  unifonn  velocity  riMinirciiicnt  although  they  eun  be 
made  to  do  .so  vililiv’.ing  pairs  of  non-eiretdar  gears  as  drivers.  Also,  none  of 
tlic  strides  are  very  lung  when  compaiid  to  the  overall  sj)acc  reejuired  Ity  tlic 
entire  ineehanism.  In  all  of  the  meehanisins  the  length  of  stride  is  fixed  by 
the  dimensions  of  the  linkage  and  eannot  he  eontrolli-d  by  the  vchiele  opei'ator. 
The  height  of  stc(>  is  not  eontrollable  by  the  operator  either  and  it  can  be 
made  larger  onl.v  by  iiu-reasing  the  dimensions  of  the  linkages;  this  is  eeiuivaletit 
to  using  a  largo  v«‘liiele  to  obtain  high  steps. 

.\ll  of  the.se  inei-lianisms  can  he  oi»ornted  fonvard  and  backward,  but 
direetioii  eontrol  wouKl  have  to  be  obtained  ttsing  controlled  differentials.  Note 
too  that,  with  a  rotating  power  source,  the  addition  of  a  flywheel  will  satisfy 
the  re(|uiivmcnt  for  energ.v  storage  during  a  c.vdc  of  operation.  Finally, 
analysis  reveals  that  the  inertia  torques  for  a  mniilK'r  of  these  iiiochatiisins 
connecterl  to  a  vehicle  can  be  balanecd,  but  tlie  inertia  forces  cannot.  The 
e.xistencc  of  these  unbidaiieed  inertia  forces  means  that  a  walking  vehicle 
driven  by  a  rotating  power  source  ean  only  be  operated  at  a  very  slow  speed. 


1 
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It  b  notcil,  howovor,  thi't  the  existence  of  an  infinite  nuin1)Ci'  of  solutions 
to  the  wiilkiu}'  meehsiuisiu  means  that  the  poiisil>ilily  of  fiiuling  a  incchanism 
eapahle  of  being  halanecd  si  hi  exists. 

Vehicle  geometry 

Let  us  now  interest  oursehes  in  the  arrangeiiient  of  the  walking  mechanisms 
oil  the  vehicle  itself  in  order  that  the  shaking  ami  »\K-king  of  the  vcliiclc  due 
to  inertia  forces  and  tor(|Ues  can  be  rtslnetsl  or  ernninated.  Figure  12  is  u  side 
view  of  u  vehiele  having  legs  (not  shown)  nionnted  at  |H>ln1s  A  and  B.  If 
the  legs  iu*e  properly  phased,  then,  at  soim*  instant  in  lime,  the  inertia  tonpic 
T;^  will  be  eounterel(K-k\vise  ami  the  torcpie  T„  will  1h'  eloi'kwiso.  Since  a 
tonpie  vector  is  a  free  vector,  those  toripics  will  cancel  one  another,  if  their 
magnitudes  are  ctpinl,  regardless  of  the  loeaiion  of  ixiiiits  A  and  B. 


MOTION 


Fig.  I-.  —  Fiirces  on  the  vehicle. 


Tlie  hori/.onlal  eouiiioiiciits  of  the  inertia  forivs  ;md  Fi,’  will  cancel 
each  oilier  if  tlieir  magiiil'idcs  are  eipial  and  it’  lh>  ir  elcvaiicii  nu  the  vehicle 
are  the  same.  Thus,  except  for  elevalion,  the  loeaiion  of  A  and  B  on  the 
vehicle  is  not  imiHirtant, 

Finally,  exaiuining  the  \crti<al  comjioni-nts  fuv.l— Ftr,  wc  sec  that 

tliesc  fiii'ccs  form  a  eonplr  which  v.  ill  tend  to  roek  or  cs.-illate  the  vehicle 
alxuit  a  hori/.ontal  axis  ihrougli  the  side.  In  order  to  achieve  eaiicellnlioii  of 
tile  Vertical  co'upom'iits  it  is  nc's'ssaiy  for  points  A  and  li  to  he  coineident. 

Thus  it  is  luccssiiiy  to  inoiint  enough  pro)»crIy  pinisisl  logs  of  one  poi'if 
to  h'.ilaiiee  the  incrtiii  forces  in  the  vvrtieal  direction;  and  enough  properly 
pliasul  legs  oM  <>ar  .si<fe  to  lialaiue  the  inertia  toniUes  and  the  l.ci ii'ontal 
coiiipoiieuts  of  the  iiuntia  forees.  .\side  fr.im  isuisuleir.tions  ot  support  and 
tr.actioii  tl'.ese  are  tin*  guiding  prnieiph-s  whieh  must  1h‘  nsvvl  in  selei'tiiig  ami 
ariaiigiiig  tlie  legs.  A  iiiaelii-ne  »tnployi;ig  perlVet  walking  nueli.ir.iviiis  would 
Inive  a  luiniliuiin  of  eig.ht  lejts  on  each  si.le.  four  at  .V  and  fnin  at  B, 
proi>erly  I'liasisl,  in  order  that  the  resnl'.aiil  ineetia  I'iiuts  and  tuiaiues  ho 
zero  at  all  times. 
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Hydraulically  operated  walking  mechanisms 

The  iiu'fhanism  of  fig.  13  nst-s  a  li.vdriuilic  cyliudor  to  position  the  foot 
for  all’ pliiisj-s  of  the  action,  1ml  tlu-  iliive  is  willi  n  rotating  power  soiircc. 
Although  tin*  addition  of  the  liydnuilie  c.vlimU'r  gives  control  over  the  height 
of  stop,  the  locus  i.s  quite  i>ooi’  and  shows  high  values  of  aoeoloration.  The 
mochanisin  must  still  Ix’  driv»’n  hy  a  sonreo  of  power  at  a  non-unifonn  velocity 
and  so  we  have  iiol  gaiiKxl  jiiiything. 


Figure  14  shows  a  two-cylintlcr  walking  linkage  in  wl\lch  one  oyliiulcr  is 
used  fur  «lriving  and  jmt)ther  cvliiuler  for  lifting.  Uy  j>rijgramiinug  the  iluw 
to  these  two  cyruiders  pi-operly,  the  foot  li  can  Ik’  nnule  to  generate  the  reipiircd 
loeus.  I'n fortunately,  the  driviTig  cylinder  and  piston  i-od  are  ji'.aeed  in  bending 
by  the  weight  of  the  viliiele,  and  so  this  is  not  a  good  solution. 

The  ineehanisii'  of  fig.  In  was  developed  in  an  atti.'inpt  to  eliniinato  the 
Ix'i'.ding  on  the  piston  io<ls.  This  is  one  of  the  best  in  a  large  class  of 
ni'.'chanistr.s  in  which  rigid  links  aie  nsed  in  eoiuhi’.-.ation  with  two  eyliinlers. 
In  this  figure,  .'v  linder  2  is  intended  to  aeeoinplisii  the  driving  funeiiun,  and 
cy  linder  5  iLe  lilting  function.  The  ineeininisni  is  tpiite  veisidile.  r'or  example, 
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ri^,  14.  —  A  tn«»  iv)iinK*r  WKlkiiii^ 
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K^^;.  15.  —  liii)»r«ive«l  nioiU’l. 


tho  of  fij',  15  li;is  Ute  piston  nxl  of  llie  iliivin!'  cyliiulor  comu'otoil  to 
roclu'i  4  bctwivu  point  U  and  tlu'  pivot  point  (>,.  'I'lius,  tlu'  piston  motion 
is  less  tlian  the  Icimilt  of  stiidc.  Ifni,  if  llio  ]>iston  rod  is  conni'cti'd  to  il\o 
locker  outside  of  ]ioint  R,  tlicn  "c  ijct  tlu-  rcvcisc,  and  tlic  piston  motion 
is  now  more  tlmii  the  stride.  Also,  tlie  piston  rod  of  tlie  lifting  c.vliniler  nerd 
not  lx*  eoniU'cted  at  p<nnt  It  can  he  eonneeted  aiivwl'ri c  hetweon  l'<  and  (i’ 
on  link  7  in  order  to  mnltii>ly  the  action  of  the  liftine  cylinder.  I'inally, 
O.  and  f),s  nee<l  not  lie  eoinrideiit.  If  Os  is  loratrd  on  tlie  vertical  center 
line  of  the  locus,  fhen  the  rorUiii;;  motion  of  the  lift  cylinder  will  Ik-  synnuctricnl 
nhmit  this  center  line. 

One  of  the  difnculties  of  tlie.se  two  evlinder  nn  ch.-ini-.ms  is  that  the  i>istoii 
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Kij;.  I'l,  —  •I'*’  p;int 


():u>  nu'tlioil  of  (»L-lliii>c  tliis  imliiuinli'niv  is  to  use  tlic  pnntoi^rapli 
ami  use  oiu’  cylltuli'r  (fig.  lli)  to  olitain  tlie  hovi/.oiital  motion  and 
imotlu'r  cyliiuloc  to  ll"'  vertical  motion.  Tluis  the  pantograjili  center 

at  ()  is  ili'iven  up  :nnl  hy  tl;e  lilt  cylimler,  while  a  separ.itc  (‘yliiulor 

drives  slider  !)  in  a  liorizonldl  direetkiu.  With  this  arraupemcnt  one  tlow-coutrol 
lirogrnin  is  snftieicul  for  c/c'li  eyliiuli'i'  reoardle.ss  of  the  values  .set  for  the 
stride  (jr  the  lift.  Thus  the  generated  locus  will  always  Iw  syminctrienl  alwut 
both  the  horizontal  and  veiiieal  ccntei'  lines. 
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LIFT  CVIINOERS  (1»  REQ.) 


OBIVC  CYLIMOERS  11«  «<».) 


A  ilyiiiimio  .iiinlysis  iif  the  paiitoKi-njih  sh'iws  thnt  tlie  iiirrtiii 

forces  niul  toniucs  con  lie  iciliici'd  to  vi-ry  sinnll  v;i  .u’s  tisin;:  n  miiiimunt 
of  10  IcRs  on  tile  vehicle.  Tims,  for  nil  iirnelienl  purposes,  iKiliiiieinj'  of  nil 
inertia  forces  niul  tortpics  on  the  [lanto^^rnpli  iiu-elinni.siu  is  I'Missihlc.  The  u.so 
of  nil  neeuimiliilor  in  the  h.iilrnulic  system  .M’fvcs  the  same  purjMise  ns  n 
flywheel  in  a  rotntiiiR  s,\stein.  Thus  the  reimireiueiit  for  cnerizy  .storage  during 
iieeclcrntion  and  deceleration  is  sati.sficd. 

A  liloek  diagram  of  a  ]iroiiosed  control  .system  for  ii  .sisteen-lejrgoil  vehicle 
is  shown  in  fig.  17.  We  visuali/.e  four  leipi  at  each  eorner  and  all  sixteen  legs 
phased  so  ns  to  ohiain  the  best  halaiiee  of  inertia  force.s.  In  jmrtieidar  wc 
desire  tlu!  following; 

1)  .\bility  to  control  tlie  length  »>f  stride  of  each  gang  of  four  legs. 
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2)  Ability  to  roiitrui  the  hciplit  of  slop  of  ench  gang. 

3)  Ability  to  phnnge  thi*  vobiclc  speed  and  to  reverse  its  motion. 

4)  Ability  to  steer  Ibe  vehiele  by  ehangiiig  tlie  speed  of  tlte  legs  on  ■ 
one  side  relative  to  the  other  .skle. 

The  stride  and  lift  for  each  gang  of  four  legs  would  Iw  controlled  by 
ganged  thit'esliiiU'iLsional  emus,  four  cams  for  .stride  and  four  for  lift.  The 
axial  dimensions  of  lln*sc  ean>s  wottld  control  the  leitgth  of  .stride  and  the 
height  of  lift,  rvspeelively.  The  radial  .shapes  would  initiate  and  control 
the  four  events  of  the  eyele.  The  phase  relalioiisliip  of  the  four  legs  is  dictated 
by  the  relative  angular  position  in  whieli  the  cams  are  fastened  to  the  cam 
shaft.  The  earns  ivpr«‘senting  two  gangs  of  legs  on  one  .side  of  the  vehicle 
could  he  on  the  same  cam  sli;ift.  Then  the  speed  of  the  earn  shaft  dictates 
the  speesl  of  the  legs  on  that  side. 

Steering  would  Ik*  acco:iiplishctl  by  spei'ding  ui)  the  logs  on  nne  side  of 
the  vehicle.  Sinee  tlte  logs  mi  a  single  side  are  (piite  well  halaneed  this  would 
have  )i  negligihle  elfeet  on  the  inertia  forces  ami  tortpies  transmitted  to  tlie 
vehiele.  It  would,  however,  inere.ise  the  to  he  supplied  hy  tlie  aeeumulator. 

Taking  shortt'r  ste[)s  on  one  .side  of  the  vehiele  could  he  tiscd  for  steering 
hoeause  this  does  not  change  the  sjH-ed. 

The  pantograph  meehanisin  satisfies  all  the  reiinireiiieiits  outlined  at  the 
begiliuiiig  except  nuiuher  6.  It  iiia.v  well  Ik*  that  a  high  stride-time  to  return-time 
ratio  Is  imi>ossihle  to  obtain  and  still  get  balaneeil  inertia  foreos,  no  mutter 
how  the  walking  means  is  aecuinplished. 
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DISCUSSIONS 

MXTKATORI.  —  Ho  nsrollato  oon  grnnilc,  particolnrc  iiitoresae  In  dotta 
rtlaiione  dol  Prof  Jiwph  K.  Sliigloy  sul  veiculo  cnrimiimDlo  c-iscinlumi  dcdicnio 
io  |inr:,  in  qno^iti  iillinii  mini,  nllo  siiulio  di  iiii  veifulo  n  iiiolurc  iiuiovcntcui  su 
appoggi  diKcontinni  alio  scjpo  di  crrcar  di  rondcio  pin  fncilc  ed  ecoiioiiiico  lo 
aiil'ippo  didlc  roniunii'n^ioiti  jioi  vnt-.ti  torrilori  imponri  o  dosprlioi  che  Miatono  piu 
o  mono  in  tuMc  lo  j»arli  del  nioiuk'  c  In  vnlonztazionc  di  cssi. 


>o!  i>roj;ftlo  Cm  Mu  presi  Ic  spiintu  did  inovimriito  dci  i|iini’riipodi  in  ginicro 
e  dpi  pnvfdio  in  I'.iriiiolnro  clio,  <'t>inc  tnlti  siniiin,  Ir.i  ciiinttio  iiinlid uvc  l'imd:uiu'iitali : 
il  p:is.so,  il  j;iilop|K>,  I'jinli'o  u  il  t.'oltii,  Krl  pii.-sMi  i  piidi  si  nniovoiio  uno  Jicr  vnltn 
iiipnti'p  nrllc  iil'ro  tvc  nndiilnro  .-•i  nnnivoiio  ndoppinl i  c  le  nndidiiiP  nijiprc- 

M'liliino  Initc  Ip  p.'iiiiliirnzloni  ])0<;il)iii. 

Ln  liiii;;luv./n  dil  a  i  he  v  mpi  ipliri-iiipiilp  luisurntn  diillo  spii/.io  popi-ito  diii 
jiic-di  iii'l  loro  ritiniiii  nnvii.iinto  vnrin  iii'iriiiidntiini  jmsso  i'  si  riduvo  oi  2,^  ,ii 
rpiclln  I'll!'  siiiplilie  iMtir.nln  r,llp  nltip  niidiitu:'p  piT  iiim  stt'in  n]icitiirii  niignliuc 
dtllo  gfimbc. 

Ad  pgiii  I'Oiiiiin  ill  nitirpiili  ii;;piiti  sii;:li  iiili  r.i  iinii  iniiiiiiclnarp  di  soslituiic, 
per  aimloipn  di  I'uir/io'innu’iitu,  I’.n  eiliiidro  n  dnppio  plTinio  o  ini  di 'imsilivo  annlogo. 

I,a  ('i;;iir;»  ri.iijirp.'vnia  lo  m'Iioihii  di  nil  vimphIo  iipIIii  jio-i/iiiiu'  di  uotto  <nmiido 
rifH?  si  nimtvoiio  niiiti'i:i]ior.imiiiiipiilp  i  pifdi  diiigiiiiidiiii’iito  oppo.'.li,  !.n  li^iirn  di  linsp 
iittciiutn  colli-oiiiilo  iHTiim-tridiiiPiitp  i  pinli  o  in  li\l  piiso  nil  tliipr/io  iiiciitrp 
V  lin  rplinngiilo  mpI  piiso  iIpI  miloppo  cd  nii  roiidio  piT  rmiiliiii  p  inniltia  ml  c;;iii 
Si-inipasso.  Npl  piiso  dpi  pnsMi  p  iillpniiilivniiipiilo  nii  tiniip/.iu  p  \ui  rimibo  i?  piiliiliin 
nd  ogiii  ipiiirlo  di  pnsso. 

Ossprviiiido  In  llpiira  si  viilp  plip  x;  si  si-iindiiiiiiii  i  pipdi  pin'  si  snllovniio  did 
iiiiolo  poll  cp-.plli  clip  Ml  di  is.so  iiosiiiio,  il  vpiiolo  iiivpitp  In  iliiczioiic  del  suo 
.-iuxtiiiiipiito. 

La  vploi-iln  di  un  vpirolu  di  ruipsto  tipo  «  data  did  pioil'itlo  dplla  liinglip/.za 


itct  pn.<»o  per  il  iiiniirni  dci  pn*<i  Cfx'fjnifi  nciruiiitii  cli  t<‘ni|K>  «h1  (vtcnilit  qni>sli  fattori 
varinliili  nc  deriva  iin'anipin  piiiimn  di  vplorita. 

I  prohlcir.i  tocnici  j>cr  rcaliw.iirc  l(*  vnric  nmlatiirc  <li  >in  veicolo  a  4  f'ambe 
noil  pi'osoiitniio  difliroltii  pnrtirolnri  iiia  .soltnnto  unu  ei'itn  coinplessitii  che  acoinpare 
ooiiqilolnnirnto  so  si  rnddnpinn  il  iiiiiiioru  dollc  ^.iiiiilio  portaiidolo  a  A  e  fistoiiiandole, 
a  rojipie  od  in  fasu  opposta,  snll’nsso  ili-l  mrdi'.siiito  porno  di  rotnsiog  In  qiicsto 
scinplico  iiiodo  Ic  Ire  nndntnro  di  palop|K>  ninhlo  o  trutto  si  tinili 'nno  in  nna  *;  -roin 
idoiitica  aiiilnliim  ed  il  veiroto  si  troverli  si-iiipro  in  (sinilir.liini  stin  .ila  parago- 
nnliili  n  (luellu  di  iiiraiiloinohile  e  inontrc  (piiiMro  )>ipdi  ]io>einii'  u  al  atiolo  dvrar.te 
nil  intoro  snnipnsso,  pli  altri  (piattro,  in  I'asp  i>]i)iostii  iii  ])riiiii,  si.rniiiio  in  iiinttiin 
jier  iissuinorc  r.i.n  iniovii  jwisizioiip  iiHa  fiiip  del  s0iiii]>nsAO  stesso. 

Qiiiilora  si  ulilio.yassc  nn  si>ti'iiia  olrodinanni'u  per  otleiieic  i  iiio-i:'.;ciii-  -'.'i 

la  distrilni/ioiie  pd  i  conmncli  rrlalivi  siiri'lilioin  molto  soinidiri  e  fiu-iln  ate  a  oiii, 
enso  per  riiso,  alia  vas!is»iinii  p:iiniiiii  dri  )io>siliili  vciroli  di  qucsi  ‘.ipo. 

Le  speeiiili  oiirattciistii-lip  del  iiiui iiiicnlii  tii  t:ili  vpicfdi  in  on-  *,li  npisa'^rj 
tnpiiri  di  solloviirsi  did  siiolo  c  .■supoiaiv  o.^luouli  p  ilip  si  jiosnno  s  iilunrinnip-ite, 
sciiiliiiinu  leiidore  tali  veiioli  piolVribili  nd  opni  ultra  per  iilTronta.  sia  ’>"11:  m 
volooitii  inodpiutii,  ruiidi/.ioiii  di  snolo  iiicopniti-  c  dilVioili  ipiali  IKissi.no  pr'.-)....  isi 
ill  esploi'iiziiiiii  torrostri  od  l•xtnlt^•|•rt•^t|■i. 

C.  B.  LEWIS.  —  Mr.  (^'Iiairiiiiiii,  (lontli-iiH'ii  1  linsi'  licon  intpi o.sli-il  in  ai;','-.’’  '  \torv 
vcliicles  I'or  ipiile  a  Ion;;  time.  Il  yon  are  iiili'ic-.fpd  in  .iisigniiig  a  ividkint'  veliiol  . 
wliifli  nill  opcrale  on  cxtii'inrly  soft  terrain,  tiierp  soeiiis  to  lie  a  liin'';Mneiital 
liMiitiitioii  ill  tliiit  the  iiiiisinuliii  iiiiiouiit  ui  l’uul|iiitit  aieii  you  eiiii  tiso  i.s  relnted  to  tlie 
pliiti  urea  of  llie  vehiele;  it  is  diOienlt  to  get  iiioi'L’  tliaii  roughly  half  of  .is  i>liin 
urea  fully  utili/.od  in  foot  prints  in  roelaet  with  the  ground  at  any  inonieni.  Thus, 
ediiipureil  with  n  more  eonvctitinnid  Inslyless  tnnknl  veliirle  (sinh  ns  the  rnnadinii 
K.VT)  of  the  spine  weight  nnil  plan  iiiea,  the  walking  vehiele  must  have  rongidy 
dimlili!  llip  iKiininal  grotiiid  pressure. 

The  other  thing  I  foutnl  very  iiiferesling  in  Jh'of.  Sliigley’s  paper  is  his 
depurlnre  from  tin-  rigid  lour  liar  eliuin  type  of  nns’hunisni  in  using  prisgrunniirsl 
hydriialie  jaeks.  It  oeeiirs  to  me  tliat  if  a  walking  vehieie  is  to  move  over  very 
irregnlai  giouml,  this  vehiele  slionld  be  iiMo  to  .sense  the  jirnlilp  of  the  gvoiind 
ahead  of  it.  hy  either  .Mime  deviee  sneli  ns  sonle  sensors  or  even  snuiil  feeler 
wheehs  out  ulieiul  of  the  vehiele,  ami  use  tins  iiii'oniintioa  mitomatiially  in  iirogramming 
tlip  jink  movements  to  e(ini|nmsiite  lor  tins  inegnhir  piolilo.  I  sliuiihl  like  to  ask 
I’riif.  Sliigley  whether  he  had  that  .sort  of  thing  in  iiund  in  programming  liis 
hyilraulie  jaeks.  The  other  thing  that  I  am  iiilere.-teil  in  is  wlietlier  it  is  ])os.sih1e, 
in  n  high  speed  ai.ihnhitory  vehiele,  to  ntilir.e  the  olTeet  of  the  plnstieity  of  the 
soil  ilnriiig  the  very  momentaiy  rontnet  of  the  I'ooljiiiiit  witli  the  grnnnd;  iierhaps 
the  full  sinkagp  hasn't  got  tiine  10  develop  if  the  footprint  is  only  in  contuet 
with  the  gronnd  for  n  very  .short  tiiiio.  Thank  you. 

J.  E.  SniGLEY,  —  'With  regard  to  the  first  ((uestion,  I  rceogni/.o  the  desirability 
of  sensing  the  tyjie  of  terrain.  In  my  reseiiivli  I  did  nolliing  toward  looking  into 
Hint,  or  how  it  eould  lip  aeromplished ;  lint  1  1(1111/1'  that  if  one  eould  sense  the 
Ipriaia,  then  it  might  give  one  a  great  deal  more  eonlrol  over  the  veliielp,  nnd 
we  could  use  the  in rormatioii  iVom  tliP  senser  to  aatoiiintirnlly  control,  perlnpvs, 
the  liiigiit  of  lift,  or  .something  of  tliai  natnre,  in  order  to  piodnec  n  biiioolher 
ride.  With  legard  to  the  second  ipio.-.tic.ii.  I’m  al'niid  1  can't  conimoiit. 
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Application  of  the  soil  parameters 
to  vehicular  mechanics 

La  meccaiiica  del  veicolo 
in  base  ai  parametri  del  suolo 


Wksi.ky  F.  lUrciiujt*) 


ABSTRACT.  —  Vehicular  mechanics  equations,  which  govern  the  dynamic  weight 
transfer  of  a  two-wheel  drive  tractor,  were  derived.  Soil  ■  alue  equations,  derived  by. 
Dekker,  were  applied  to  the  above  equations  to  show  the  ei/ect  of  soil  parameters  upon 
the  (ignaniic  weight  transfer  of  the  tractor. 

The  resulting  equations  showed  that  the  dynamic  weight  transfer  of  a  two-wheet 
drive  vehicle  increases  as  drawbar  pull  IP),  cohesion  tC),  angle  of  internal  friction  10), 
modulus  of  cohesion  tk,>,  modulus  of  deformation  Ikp),  width  of  tire  <b>  and  length 
of  tire  contact  ( L)  increases,  and  dccrea.^cs  oi  the  terrain  coefficient  In)  increases. 


Introdnctioa.  —  Twu-whcol  drive  traetors  nn*  usetl  ity  fanners  and 
inililjiiy  nn  n  alike  as  priiae  moveis  f*n'  ofl'-Uie-iiMd  o|)i‘ratii>ns. 

While  the  twci-wheel  drivo  traetor  i.s  ehenper  to  pnrehiisc  tliaii  u  four- 
wheel  drive  Iravtnr,  it  tends  to  Ik*  less  slal»le  niidiT  certain  operatinp  eondition.s. 
Tip-over-haekward  iieeideiils  killed  iippntNiinately  dlK)  1'nrniei‘s  in  the  I'nilcsi 
States  diiriii;;  IJl'iS'. 

The  f)iii(M).se  of  {his  paper  is  to  nppl>^M>it'Taivje  pnrainetoi-s  to  vehicular 
incchnnics  is|uatioMs  in  order  to  pmliet  the  dynoinie  weight  triiiisfcr  of  a 
two-wheel  drive  traetor. 

The  d.Mtamie  weight  transfer  i.s  ciitieal  In'Causo  under  n  heavy  pull,  the 
vehiile  iiius!  not  only,  he  stable,  hut  enouj;h  weipht  must  ivniaiu  on  the  front- 
wliecls  to  jirovidc  goo<l  steering.  Thrust  and  motion  resistance  of  a  vehicle 
•iepends  on  the  <1yiiiimic  weight  plaeed  hy  the  wheels  of  the  vehiele  on  the  soil. 

The  el;..s.sieal  vehieular  e(iuatiinis  used  hy  engiiu'crs  were  cloriv-Hl  hy  super¬ 
imposing  forces  <in  a  static  vehi<Ie  iind  enlenlating  the  resulting  moments  al)out 
tlio  soil-tire  contact  point  -.  While  these  «leiivations  pi-ovide  siitiplifiisl  iMiuations, 
they  failwl  to  (a)  aeeurately  predict  the  dynamic  weight  transfer  of  the 
veliiele  or  (h)  utilise  soil  value  inltnination  in  pmlieting  the  vehicular  jrerfor- 
inanec  under  various  soil  conditions. 


•)  Papi'r  (vuthiiri/Pil  fur  jiulitiralion  n.<  .Iciirnnl  .Vrtiole  Xo.  2S.\T  of  the  Mieliigan 
AgrwaitiirBl  Kxpcriiin'nt  Stntion,  Kn-l  I.iiiv.-<iiig,  Mii’lilgan,  Tlio  Anlhnr,  Wevloy  y.  Hucliele, 
is  Associalc  I’rnfivoiir  of  .Agriciill oral  at  AIi:hi-,;aii  male  t'nivcr>it v. 
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Fij».  1.  —  The  «ltrecttiin  an*l  i^lwre  «»f  applir hti<ni  «>f  varitaiJ^  fttreo.'*  im  tvvi»  vvl»cel 

tirivc  vehirle.'«. 


Derivatiott  of  vehicular  mechanics  equations.  —  l\vnai>»ic  ertuations  u-sing 
•■ioil  value  itU’oi'iiiiitiun  will  lie  devplopeil  in  this  paper  for  the  t\vo-wl\pcl 
drive  viliicles  shown  in  figiiinr  1.  The  following  assumptions  were  nnide  in 
the  ilerivation  of  the  o<|untiuns; 

1)  Tlte  ivar  wIkvI.s  rotate  or  teiul  to  rotate  cloekwisp  (.lend  to  move 
the  vchielo  forward). 

2)  The  towed  lo.ad  I*,  is  constant  nnd  is  applied  to  the  tiaetor  dvawlmr. 

3)  Wear  axle  torque  is  jmsitive  at  all  times. 

4)  .\eeeleration  is  e<iual  to  zeio. 

ii)  Wind  resistanee  is  equal  to  zero. 

G)  Tiaetor  is  laoviiig  or  tending  to  move  in  a  strainglit  line. 

The  suhseript  of  each  nuinlrer  has  Ijeen  seleetetl  so  tliat  the  tir.st  number 
of  the  nutation  indieat«'s  the  place  ^if  aetion  of  the  foice  ;ind  tlie  .second 
number  designates  the  force  undiT  consideration.  'J'lms,  W.,  is  force  1  (resultiint 
of  all  vertical  upward  forces  on  the  tire)  ujieiating  at  No.  2  (rear)  wheel 
of  tlie  vehiele. 

1  K„+  =  0  =  —  W„+  H,.  —  W„  — P,  (la) 

P,  -  (1!,) 

+  -  Or-  R„  -1  — W„  (2) 

Tlie  moments  oiwratinp  on  a  vehiele  may  he  summed  nliout  any  point. 
The  iiuint.  of  intei-seetion  of  U.-,  and  W..;  (.the  inteiseetion  may  or  may  not  be 
on  the  jieriphory  of  the  tire)  has  often  been  used  because  the  inoiiients  rreuted 
liy  the  soil  reaction  forces  equal  zmo.  Ibrause  this  point  eontinually  changes 
and  heeause  it  is  desiied  to  ealeulate  the  value  of  the  soil  reaeiion,  the  moment 
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snminatiun  will  bo  made  nboiit  iMjiiit  «0*.  the  center  of  the  rear  axle,  Soil 
\‘;iluo  infomatum  can  then  he  applied  to  the  derived  equations. 

I  f  +  =  0  -  P,Y,  —  R-,X-,  +  R,,Yj,  +  lt,.Y.,,  + 

—  Kn>i..  +  K.jY.,  +  \Y.,X.»  (3) 


DToamie  weight  transfer  when  soil  conditions  limit  the  drawbar  pull  of 
the  veiucle.  —  llie  dynamic  w'<'ij;ht  transfer  XVq  of  a  viliidf  is  tlefiacd  in 
fijiintion  -5. 

Wn  =  |t,,>liitir  —  R,,  nyiiamic  (4) 


Where: 


W  iiX|^  -r  t\  j„X,^ 


1«,Y,-  K,,X,.  r  IL,Y,,-H,.V,.  +  \\-,..X,,  +  1{„Y„  +  \V.,X,» 

•'ll  Pvanmic  - - - - (C) 

Note:  Xii  in  asstiined  as  e«jii:il  t<»  Xk-  This  assumption  iiitriKluees  an  error 
of  the  oixler  of  2  jM-nxMit.  This  «-iror  decreas«'s.  however,  as  the  weijrht  transfer 
iiicn.‘a.ses,  beeatisie  as  I{,v  <lynaiiiic  approjiriie.s  zero,  Xj,  appi oaclies  X,j. 

Wo  = 

Tlio  land  locomotion  e(pl!itions  derivtsl  by  lickker  wliieh  fiuvent  tlic 
forward  thrust  and  motion  resistance  of  the  vehielc’  arc  s\il)stiti)ted  in 
et|Uution  7. 

(\V,,  +  \V»)  X-,  r  llil,C  +  tw.,  +  \v„)  Ian  >1*)  Y,,  —  IV.Y, 


Y.; _ (W,.  4  \v.>)  •  ^ 

±  1.  ^  L 

n  +  1  (k,  -?■  Ilk*)  " 


Where : 


Yii  is  assiiiiKsl  —  Y._.j 
R;,  =  bLC  +  K^,  tnii'P 


R,.  -  — - 


•> 

T 


n  r  1  (k,  +  hk*) ' 
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K.,  = 


- 1  (17) 

11  +  1  (k^  +  Ilk*)  " 


n.M  =  w,.  +  \v„ 

K„  -  \v..-Wo 

1>I<  — ■  <i>iiliirt  ;iro;i  «ir  rear  \vlui*ls 


\Vj,  (sliilic  woijjliJ  oil  roiir  whools)  =  + - 

W’l,  (slitlii'  (III  front  «1ht1s)  =  \V,;  + - 

C  =  cii|ii">iiiii 

k^  —  iiiiMlii)n>  ol  1 4*li(*.*%ioii 
k*  —  lilittliiliis  ot  ilt'foroiiitioii 
II  —  ll•nli:'|  i-ocilii-ii'iit 

•I*  =  nliKlc  of  iiitoriinl  frii-tioii. 

The  nlmvi*  ciniation  oaiinot  In'  sulvcil  (“Xpliritly  fur  \V,,  ns  the  wciolit 
linnstVr  of  tlu'  vi  liii-lf  nt  all  tiiiifs  ilopcixls  11)1011  llio  \ii-ijrlil  whicli  llio  rc.'ir-axlo 
ilrivc  whot'ls  jiliUT  on  tin'  nioiiml.  It  must  lie  sohcd  hi-  n  sci  ’k's  of  niiprosimation 
in  ivliicli  W,,  is  sol  cipinl  to  a  iioi-ioiu  of  tlio  slatio  uoioljt  on  tlii‘  roar  ivlns-l  iW7,). 

Mnuation  I'  shows  that  llio  v.-rijilit  transfer  inoroasos  as  ilrauhar  )iiili  fl'), 
cohesion  (f),  iinule  of  inlernni  frii-lioi;  (‘1'),  uioiluUis  of  eolu-sioii  (U,),  niodnliis 
of  (U'fornial ioli  (k*!,  m tilth  of  tiro  (li),  and  li'nttth  of  tii-o-soil  i-ontnot  fL) 
inoronscs,  jintl  (h'oroasi-.s  as  the  terrain  eoefliciciit  (n)  iiioreasi's, 

Tlio  Ihrilsl  of  tlie  viliiole  doiniids  upon  the  rlynaniic  voicht  (Rn)  of  tlic 
di-ivo  ivhcols,  tints  the  thrust  of  tlie  vohielo  incriaises  as  \V|>  inerciisos.  In  like 
niaiinor,  the  motion  is-sistance  of  the  rear  ivheels  inereasi-s  as  Wj,  inerea.sr's 
wliilo,  siniultaneoiisly.  tlie  Jiiotiun  resi.staiieo  for  the  front  wheels  decreases  as 
W„  inerensi‘s.  When  the  W,,  is  shifted  from  small  front  wheels  to  laroe  rear 
wheels  of  a  vehiele,  as  in  tlie  eax-  of  a  farm  tractor,  tlie  niiition  resistanee 
deercases  as  the  dym.inie  weight  transfer  inerenses. 

Weight  transfer  xyLr.n  engine  torijne  limits  the  drawbar  pull  of  the 
vehicle.  —  A  Stimmation  of  the  iiionn-iits  oiieratino  i,n  fi^i.  body  diairrain 
(lijr.  2)  of  the  rear  tractor  tire  (a  jioivcrcil  wlieel)  is  shown  iu  equation  U  a. 

1M„('+  -  0  ^  — It  ,A'..  +  THK,  (9n) 

—  TItl-:,  --  —  Hj.X,,  +  It,jY,,.  —  R,,V:,  (0 b) 

Tiic  dynamie  ivi-i|:iit  transfer  equation  imolvino  rear  axle  torque  (TRH) 
is  gained  by  suhstitiiting  equation  *,11)  in  equation  7. 

TItK,--  F.A‘.  — It,..Y,, 

tv„  := - : - - (lO) 

•  'Ih 


(10) 


Tho  inotiuii  rosistaiu'c  wiuiitioii  w  .sul)stitiii('il  for  U 
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MISURA  DEL  SUOLO 
ED  APPARSCCHSATURia  RELATIVE 

SOIL  HIEASURETtlSNT 
AND  INSTRUrvISNTATKONS 
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Bevameter  100.  A  new  type  of  field  apparatus 
for  measuring  locomotive  stress-strain  relationships 

in  soils  * ) 

n  «  Bevameter  100  »  un  nuovo  tipo  di  apparecchio 
da  campo  per  misurare  le  relazioiii  tra  soiiecita- 
zioni  e  deformazioni  del  suolo  dovute  al  movimento 

dei  veicoli 

Fkkksc  I’.Wl.tCS  ••) 


ABSTRACT.  —  The  ohjeclire  of  this  jxtper  wcs  to  det  floi>  a  test  riettiod  ulilliing 
tigid  whet'h  for  inrasuring  physical  soil  pcrnvii'lcn  used  in  land  mrchanics. 

This  new  approach  teas  proposed  to  prniide  a  Quick  and  lontinuim*  method  for  soil 
testing  on  field. 

Theoretical  analysis  teas  made  on  the  lond-sinkage  and  tract;»rflip  relations  for 
a  rigid  tvUcel.  Tests  iccre  performed  in  two  riiitercnt  kinds  of  soil.  f'noiHy  a  co'aparison 
was  made  between  the  soil  ralucs  obtained  from  u  iiect  tests  and  t  i/iU'eiitioucl  bera- 
meter  tests. 

The  conclusion  teas  drawm  that  the  wheel  type  soil  measutiti')  instrument  is 
feasible,  practical  for  field  tests.  The  rc'ults  slmte  that  the  soil  psira’oetent  obtained 
froart  wheel  tests  are  in  good  agrcenient  with  the  ones  ohtciaed  ftnm  conicntional 
bevameter  tests.  By  thi.s  instrument  a  large  number  of.  test  data  ran  he  obtained 
Quickly  lor  statistical  evaluation  of  soil  rallies. 


Symbols 

n  —  l"A|n-.iicii(  of  siiikncr 

P 

Xoniial  prvssnro 

k. 

('olicsivo  iiioilnliis  of  siriVaci- 

S 

--  Sltcnr  stress  in  llic  «>il 

kf 

=“  Frictional  imiitiiliis  of  siok.ngc 

W 

~  Normal  lond 

e 

—  t'oliOsion 

A 

-  (’.vou:'.il  conlnct  artn 

<t> 

s-  Al;i;lo  Ilf  inlet  onl  fi  iclioii  ■ 

1 

~  licnirtli  of  tlio  >^ri>-i!ol 

K 

—  ncfiiriiiatioit  :iioi!iiln:t 

1) 

-=  Diiimcirr  of  Ilic  wliccl 

11 

Tniction,  tractive  clfort 

l> 

tViiKli  of  Ilic  wtir'cl 

i 

Slip 

Z 

=  SitikitKC  of  tlic  tNlicol 

1.  -  Introduction 

A)  Problem.  —  Tin*  o!>jcftivt>  of  tliis  ininor  \v:is  to  <lovi'l(i)»  :i  ttNf  luothoil 
utiliziriK  rij^id  wlu’i-ls  for  di'ti'iiniioitioii  of  pliysionl  .soil  iisod  in  land 

locomotion  ;iu-cli:mics  to  dos<*i’ilK'  st r<'s.s  .st lain  rolatimis  of  tlu'.  '^oil. 

')  'fills  pn]ior  «as  iir’i(;iii.iny  |irc|inroil  for  l..Tii.t  I.iifoma ion  l.nhofjilorv  I'.S,  Army 
OrJnnncc  Tank  .\utoniu!ivc  Commamt,  Detroit,  Miehignn. 

**)  '.Jencral  Motor.s  Cumporatioii  I. .mil  Moliiliiy  I.almnilory  Warrro,  Miiliionii. 


x’i^.  1.  — *  C’uiiN  ciit  ••niul  In*  vmiioli'r.  u)  Siiiku;ir  j'lulc  ^0  »*‘kfur  i>uK*. 


li)  BacKg^round.  —  'liu-  in>-iisni’<'tnciit  of  |iIi\Miiiil  soil  valiu's  pioposod 
i.y  iJckkcr.  wltioli  utilized  sir.Uaiii'  plalos  aiul  slioar  aiitnilus  as  doscrilH'd  also- 
wlu'i'i' Tins  Im'cii  (inita  ■aiacvssiul.  llowvvcr.  tlia  iiu'iism-iii z  proeotlmo  is 
lcii;it!iy;  il  v«‘quif(’s  two  uiliVroiit  ^i/.o  plati's  ca.-li  oi  uhiali  has  to  l;a  l‘v)iai.'d  into 
the  soil  and  a  slnaii'  aniuilns  wlilcli  lias  to  he  rotated  at  tlireo  or  niore  iionaal 
]>ri'Nsures  il!p.  li.  Kor  each  test  inn  t!-,e  cijuipiaent  has  to  I'C  moved  and  set 
Up  whieli  proloii.qs  the  process  of  ine,i,sn,i\inent.  Ivven  with  the  luoit  tidvaneed 
type  of  this  insl rnaieiit ,  ealli'd  the  iHvanietcr  (.aiounted  on  a  vehicle  and  oper- 
ati'd  hydraidicallyi,  the  tilin'  of  a  test  e.'  cle  lamiot  lie  reduced  to  le.s.s,  than 
10  minutes.  'I  his  'ats  a  .seriiu;  luindieai>  in  vivw  of  tlie  necessity  for  a  hupe 
nntnher  of  data  reipiired  for  statistical  evaluation  of  soil  values. 

To  pro\  ide  a  ip.tiek  timl  continuous  nn  tlioil  of  operation  a  new  approach 
lias  hceu  imiiiosed  hy  Ifekkcr  for  tlic  tveorddaft  of  soil  parameters.  In  this 
appii'aeh  two  roilinp'  ripid  wheels  haviiifr  the  same  iliamotor  hut  dirt'ereut 
witlth.s  were  .-.uost ituied  for  llaf  plates  jnevions'y  used  in  load-si nhape  tests, 
and  the  eireitmfereiiee  of  .sm  h  wheohs  eipiipped  with  prousers  were  .sulist iluted 
for  the  shear  anutdus.  lii  this  maian-r.  th.e  hiad-siukape  mirees  and  the  siie.ir- 
sli])  eurws  may  lie  recorded  eontinn.'usly  wii'nout  stojipim:  the  nuasurini; 
device.  Krom  sui'li  corves  the  sinl;.o;e  and  shear  paiamelei.s  as  di'llned  hy 
ncItUcr can  Ih'  sodv-oqueiiily  eomjtuied. 

The  prai  lieahdity  of  this  now  idea  for  the  deli '.  ininalion  of  sinkape  para- 


moU‘i-3  first  lU'scriWtl  in  ivfriTnct*  4.  In  tUis  jiuikt  tl^o  pnibli'ni  will  l)c 
disc-nssoil  t'urllior,  and  tlu'  results  of  shrar  tests  perfunncd  be  iiu-aiis  of  slipping 
wheel  eireuinfereuees  will  Ik'  reported. 


II.  ■  Theoretical  analysis 

A)  Determination.  o{  load-ainkage  parameters.  —  AVben  towing  a  rigul 

wheel  nt  varying  loads  and  iiieasnring  the  eorres|ioiiditig  sinkage  we  can  plot  the 
loail-sinkage  funetion. 

'file  sinkage  of  a  l  igid  wheel  of  iliaiiu-ter  1)  and  width  h  ean  Is:  expressed 
hy  the  following  equation 

a  \v  >_ ! — 

Z  =  ^ - - - -  j  -n  .  1  Jl) 

t;t  —  II)  (k^  -r  I,  k*)  1  IJ 

whore  W  is  the  normal  I-  ad  on  the  wheel,  k...  k«  ami  u  are  the  sinkage  soil 
jiaranieleis.  MNpn  s>iiig  tlie  uoiiual  load  and  taking  the  logaiithiii  of  Imth  sidi's, 
we  hav  e ; 

2ii  I  1  (;i  -  11)  ik,  +  lil  ^dir 

li'g  \V  - leg  7.  H-  leg  •  •  - - - -  (2) 

2  :t 

For  twe  wheels  of  the  same  diameter  and  normal  load,  hut  ililTeienI  width  1), 
and  li.  We  ean  write: 

2u  +  1  ta— n)  (k,  4  hjk*l  I  o' 

leg  W  ~  - - leg  Z|  +  leg  -  —  - - 

2  :t 

and  ta) 

2ii  i-  1  ta — ii)  (k;.  +  li,  k*)  1 1> 

leg  \V  —  — - - - legZ.  4  leg - - - 

2  a 

H\'  varying  tlie  Im.tl  '.V  and  plotting  log  \Y  vs  log  /.  we  g>-l  two  straight 
lines  for  the  two  wheels  ittg.  2'. 

,  2n  I  I  . 

Till'  slope  of  tliese  lines  is  eipi.d  to - - - ,  ami  the  exiioneiit  ot  sinkage 

ean  lie  expi’essed  as 

/  1 

II  --  tun  a  — -  (4) 


Tlie  ordinates  at  —  1  are  eipial  to 


t:l  —  a)  (k,.  i  h|  k*)  I  D 


a ,  ” - 


ta  —  ii)  ik,.  4  li,  !;,1|  ') 


Honoc  tho  vuhu>s  of  k,  atnl  k«  may  be  c'.cJernuiiotl  in  accordance  with 
stniiilai'd  procwlure  (2)  (7): 

3  Ej  b,  bj 

U,  - - - -  («) 

(3  —  ii)  I  U  b,  h,  h;  — 1», 

3  Ej  E| 

k,  -  - — - -  -  (7) 

(3  — ii>  ll>’  b,  — b, 

A  sample  computation  of  tlic  sinkaKc  s»)il  values  (ii,  k,,  k*)  form  actual 
test  data  in  two  ililTciTiit  soils  is  ;:ivcii  in  fii'ures  12  and  13. 


r,)  DeicrDiiniUiuu  of  shear-slip  paroiuctcrs.  —  When  towinp  n  ripi<l 
will  el  ciiuiiipcd  with  prouscr-i  ;doiip  its  cirriiiiircreiice  aiul  then  ])i'oduciiip  a 
relative  disiilacemeut  between  tin-  wlieel  and  ill.'  soil  by  means  of  driving  or 
bral.inp  tbe  wlu'el,  we  can  iiiea.-.nr.*  tlu'  Iraeti^'e  ellorl  (11)  and  tin*  ei>i  i espniulinp 
slip  (ij.  l'’n'iii  tlu'se  test  <lata  we  can  plot  the  traction-slip  curve. 

( 'onsidei’iiip  liii'pe  dianu'Icr  wbei'ls  and  I’l'Ial .vcl.v  small  sinUapes  wo  can 
.substitute  the  are  of  tbe  wheel  in  contact  with  the  soil  with  n  str.aight 
line  (lip.  3). 

J'or  siieh  easi'  the  trae'ion  can  be  csi>r»‘sseil  by  the  followiiip  e(|uatioii  (G); 

K  — 

11  =  A  (e  4  plnii’H  ri - (1  — )3 


A  =  bl  omlart  am 
\V 

p  — - niinnnt  iirc*s.>Hre 

A 

1  =  lonjfth  «if  thp  itinlmi  ami 

I  = - slip 

Vi 

c,  anil  K  —  iJimr-slip  soil  viilnos 


Kij;.  3.  —  t’oitlui'l  area  of  a  wheel. 


—  .m  — 


niut. 


Fij*.  -I.  --  Trnctivt*  elTi)r! cnrvc.H. 


illl  I 

—  A  (ii  !•  p!nn<b) - 


I  =  0 


2K 


(11) 


<m 


Simv  r  . •  1  i  “  0  is  the  shtpe  uf  the  tangent  to  tlio  11 — j  tiiivc  nl  tlio 
'■  u  1 

oiiKiii,  eaii  write : 

I  A  (c  +  |>  lull  ’b) 


filid  i  iMi  i  anfiiiig : 


K  = 


e  +  p  Ian  >b  = 


2  tiM)  p 

1  K  Imi  p 
A  1 


(12) 


(i:t) 


Assu'ninn  tluit  tlie  niasiiitiiiii  IviHtive  elVort  oeiiirs  jil  i  ”  1  (100*)^  slip), 
wr  eaii  write  t'rom  eiiuation  (.S) : 

II 

1  •  _  _ _ _ 

11,..,.  -  A  («  -(  plaa-b)  j-1 - (1  •<  )]  (M) 

11„ 


Siiu'e  - - —  is  the  iiiiixiiiiiii)i  sliear  strriig'.h,  ; 

A 


('•  +  ptaiMb)  [1  ~ 

.Siibstitiiling  ei|iiatiiin  (i;i)  into  (ITi): 


1  ^ 


1 1 
K 


)] 


05) 


1 1 


2Ktftnfl  K 


A  1 


(l(i) 


A  l«  S.. 


2  Inn  P 


K  1  —  K’  ■(  K" 


—  3:l7  — 


Since  the  mlio  — —  is  jilivays  Inr!*er  than  five,  as  pnieticnl  experience 

k 

I 

iiitlieates,  which  iiu'iins  tlwit  e  Ls  siniiller  limn  O.OOfi,  the  last  term  in 

iiiuatimi  (IG)  can  he  lU'Kleeted,  and  from  (10) 


K  =  —  K  I  + 


2  laii^ 


The  solution  Tor  K  t;ives: 


uliieh  has  two  roots: 
1)  For 


il  can  1)0  seen  that  K  ' 


f  [•  ^  Y'  - 


!t  follows  tlicn  from  isiuation  0-1  Itait  A  (e  p  tan  <h) 
2)  .Similarly  for 


1  1/  2AS„,.. 

K  - r  I  —  1/  1 - 1 

2  f  lim  p  ■* 


tan/?  (IH) 


and,  in  this  ease;  K  <  — — .  Aecorilingly ;  A  (e  +  |>  tan '!’)  <  tan  (20) 

The  i/icanini'  of  (Muialion  (10)  and  (20)  can  1h>  seen  in  fiymre  0.  Since  the 
II  —  i  enni's  are  always  of  the  type  shown  in  Genre  ah,  solution  (1)  has  to 
be  rejected,  and  : 


1  l/  2AS,.„. 

K  - - -  [  1  —  1/  I - 1 

2  ■  r  tail  p  •' 


Since  1,  A,  S,,„,  are  reeoithd  tisl  data,  and  tan/?  can  he  determined  from 
the  H  —  i  curve,  the  value  of  K  can  he  coiai-nted  from  (’(pnillon  (21). 

lieiieat in;,'  the  tractioii-slii'  tests  for  various  loads  ^V,.  W, ...  Wn,  a  mnnher 
of  II  — i  eurvi's  will  he  ohiaimd,  all  slmwiii”  certain  ’peak  vr.ii'.es  lli,  H;...  11^ 
(Gfr.  4).  The  11  and  )Y  vahas  may  he  dividied  hy  the  eoulact  area.  A,  and  the 
luaNimum  .shearin;{  .slrcn"lli,  S,„„„  under  eoiTesiiondino  piessvire,  p,  may  be 
delermiiu’d  as  follows: 

ll..„ 


P 


t’ij;.  0.  —  ])otoriiiiiinlii>n  «f  -lerKriiiuliiia  ujoJuIuk. 


the  vjiliics  of  ii.-i  :i  ftiiii'liun  of  p,  one  may  obtain  a  striiiglit 
line  as  si'.ow.n  in  figure  4.  The  eipialion  of  this  line  Ls: 


—  (e  4-  |(lnil*i')  j^l 


(1-C  K 


Let  h  1)0  the  oitlinate  at  j)  =  0,  ami  Ian  y  the  slojn*  of  the  sliaight  line. 
Tlieii  the  -soil  values  c  amt  *l>  etin  Is-  express«'tl  ns  follows: 


1  — 


Inn  <l> 


/I 

tnn  y 


K  '\ 


123) 


(24) 


fc 


- n  K 


) 


A  siiiniile  eoiiii)Utalion  of  the  shear-slip  s()il  values  (K,  e,  <h)  fiinn  Jielnnl  lest 
data  in  two  liiflVrent  soils  is  sliown  in  figures  14,  Jo,  Ifi  ami  17. 


111.  -  Test  procedure 

A)  Tc;t  apparatus.  —  A  schematic  drawing  of  a  wheel  type  test  de'  ieo 
for  <h  teriniiiing  sinkage  st>il  paraineie»-s  is  shown  in  ligni-e  G.  The  finietioning 
of  tl>c  apparatm;  is  as  follow.s: 


11^-^ 


HBi 


i'lR.  <1.  —  f^olipiiialic  <Irn«inK  <>f  ■  whrcl  Ivii^  tr^*l  il>‘vii'e  for  ilrlorminiiij;  load- 
!<iiiknKt*  rpftiliona  in  Ihn  xoil. 


Tost  wlu'cls  (1)  luv  fiHs*  to  turn  alxmt  ji.xlc  (21  (>n  lial)  In'in’iiigs.  ^Vhcl‘l 
arms  (H)  aro  fivo  to  rutnto  alsun  sltal’t  (C)  Mliii-Ii  is  inountod  on  tlie  towing 
oarriiigo.  Tlio  lomliiig  of  ilio  wliovls  is  jrruviilod  l)y  woi^lit  (10)  tlu'oiiglt  a 
oal)lc  (0)  and  ]nilloy  (S)  syslom.  Tin*  piilloys  nii*  moiiiitod  on  tlio  lowing 
cariiago.  Tlio  luoasuroinciit  of  the  sinkago  is  obtaiin'd  by  liiioar  potent ioniotcfs 
(7)  using  win-ol  (4)  as  it  feioiico  wbool  (rolling  on  llie  surface  of  tiic  soil). 

A  sehrmatie  drawing  of  n  wlus*l  typo  tost  tlorin*  for  di  tm  niining  sliear-slij) 
soil  iiaranu-tor.s  is  slmwii  in  figure  7.  Tiio  fnnrtioning  of  tins  device  is  us  follow.s; 
test  wheel  (I)  cijiiijiiied  with  gisnisors  along  its  cireiunfcrcncc  is  five  to  turn 
around  a.sle  (1?)  on  ball  iM’arings.  Wliool  anus  (4)  eaii  rotate  about  shaft  (G) 
wliieli  is  Miouiitetl  on  the  towing  oarriagt*.  (’bain  drive  .system  (.7)  jirovidi's 
ooniieelion  between  tin*  test  wheel  (1)  and  an  adjustable  eleetroinagnetie  friction 
brake  (M).  The  gradually  iippliotl  braking  tori|uo  is  measured  by  toriinemoter  (7). 


np,  7.  —  »lra\viii|;  oi  n  \vln.s*l  ivpc  !•■>!  'Irvictf  ft  ■  tUMorn.uiin^  shcnr- 

>1i|>  in  tlit' 

The  liKuIiiin  of  the  test  wlu'el  is  proviih  il  l)y  weight  (1'2)  thvou^th  a  eable  (H)  aiid 
pulley  (10)  iirraii^eiiteiit.  A  dilTi  r<-ntiiil  lype  slip  nu  jisnriii''  device  (14)  records 
the  sIHsM  dilTei'eiiee  hetween  the  test  wheel  ^1)  and  reference  wheel  (2)  which 
is  rwllinjj  without  slip.  The  ineasiiri'ineiit  of  sinl\a;:e  is  performed  l).\’  linear 
IMiteiiliomoler  (11)  usin;:  wheel  (2)  as  a  reference. 

The  aliove  described  test  eipiipineiit  was  aionntcd  on  a  soil  hin  d.vnamo- 
meter  carriafie.  The  soil  bin  was  40  ft  Ion<',  a  it  wide  a  id  2  tt  deep.  '1  he  towing;: 
earrinee  was  iMpiijiinHl  with  soil  j>ro<s'^sin^  ami  levelin;j  device. 

A  geiiernl  view  of  the  test  set-up  is  shown  in  Ogure  8. 


Fi}iuii.‘  !)  sliows  llio  test  whcols  with  tl'v  tawiii);  ciirriu^e  durin^y  a  tent  run. 

Fimu’c  10  shows  n  itup  viow  of  the  towiuf'  ciirri.igc,  whore  the  loadintr  of  the 
tost  wheels,  the  siiikii^o  luonsui'iii"  potontioiiu-lois  nnd  tlu'  soil  processing  and 
leveling  dovioe  eiin  Ik?  seen. 

Figure  11  shows  the  wheel  type  te.st  device  with  the  presently  used  soil 
viilue  luetisuriiig  instrument  (iK-vaiuetor). 


Kij!'  —  (■eni’rul  viow  of  tin;  te^t  ciiiipmcnt. 


11)  Instrumentation.  —  Sinl;uii(  mc(isiirc)iii  nis.  -  'I’lie  sinknge  of  the  test 
wheels  wiis  measured  hy  linear  inileiil ioimlers  witli  a  range  of  0-S  inelies  using 
the  refereiiee  wheel  as  hase.  Tlie  refvreiieo  wheel  eouiilerhalatieiHl  to  almost 
zero  load  was  rolling  helween  the  test  wheels  far  enough  from  them  so  th.-it 
any  huldiiig  of  the  soil  siirfnee  due  to  Dow  under  wheel  loads  did  not  iiiDucnee 
its  fieti</n  in  estahlisliing  the  zero  point. 

Trnciirc  cffurt  iiifdsiirt  meut.  —  Tiie  traetion  foree  was  measuri'd  by 
eleetrie  resistance  str.iin  gauge  type  lornuemittu-s  whieh  were  moinitetl  on 
the  shaft  tiansmitting  the  tonpie  from  the  lest  wlu'els  to  llio  brake.  Tlie  torfpie- 
nicters  were  ealihraled  direetly  to  traetion  foree 

Slip  measure  nu  ut.  — ■  A  ilifferential  gear  arrangu'incnt  was  used  fur  measur¬ 
ing  slip  direetly. 


Ittittnliuij  iii.tfrunienf.  —  A  six  rluiiiiu*!  S;i!ilH»rii  ty|)e  electronic  iiinplificr 
niul  ii'conlinjx  os<-illo«mph  wiis  used  for  recording  test  duta. 

(')  Conduct  of  tests.  —  The  load  on  each  ti-»t  wheel  wii.s  varied  from 
.■>0  to  SOO  Ihs.  The  lowing  vehn-ity  was  kept  constant,  approximately  1  fps. 
The  leti^llt  of  each  t«-st  run  was  .-ipproxiinati'ly  ‘AO  ft.  Test  data  were  reeitrdeied 


t 

I, 


i 


L 


Ki;;.  II.  —  Wheel  l\|>e  te>t  njtpiitniiis  with  the  hevameter. 


eciil iiiiiiiiisly  (luring  tots.  The  slip  was  varied  "liiiUnilly  from  0  to  100 
for  the  .sliear-Niip  lests,  .so  eaeh  test  run  prodm-ed  a  emiiplete  t  i  Melitm-slip 
etirve.  'dO-'J.'i  tests  were  j'erl'oiaud  for  .statist ieal  evaluation  tif  the  results. 
Soil  values  were  laeasur*  d  before  eaeh  run  by  eotiveiilioiial  iKw  ameler.  .Moisture 
eonteiit  also  was  eluektsl  fretpienlly.  The  soil  was  pr(K’e.s.sed  ami  leveled 
before  eaidi  test. 

Tests  Were  perforauil  iji  twt)  liasie  types  ttf  .soil;  dry  s;itu1  jiiuI  loam.  The 
detailed  description  iif  tliese  soils  is  ]iriseiiied  in  jtppemlix  4. 

Due  to  the  arrauecuicm  of  the  ti-st  eipiiiuaeul  various  effcet.s  on  the 
test  re.sults  had  to  be  considered ; 


1)  \Vei;rht  tr.uivfer  due  to  the  tr.selive  eft'ort. 

2)  M'ei^Iit  tr.m-.fer  due  to  the  positioniiio  of  the  tow  in,;'  arms. 


SINKA£E  ,  2  ,  INCHES 

Ki>;.  l-l.  —  Sntiiiilc  <'<>iit|'iil>ilioii  of  l)i»*  'iiiVHtjc  .'oil  vuliii"*  from  lot  iliila;  wViti'l 

:<iiikii|:(.>  soil:  loam. 
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‘unijiic  C«nii|»uI;4tion  of  Elcf<*r;unt  ion  iioh1h|ii%  frnin 
u»>t:  J):  4i>"j  M»il:  dry  »nti>on  Mnd. 
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-*■1^.  r'MiiimlatiuK  Ilf  s\u'ur  •*iii  vaIuc.<  from  u»si  .UU;  v^liool  *c>t; 

«Hu!  •oil:  }«*ire. 


I!)  Comparison  of  Ust  results  obtained  from  wbeal  teots  with  the  coavea 
tional  Bevameter  test  data. 
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V.  -  Discussin''  of  test  results  and  conclosioos 

As  a  «*iimpari.sc>n  «f  ti-st  n-stilts  obtaiiu'd  from  wlicfl  trsts,  with  tliose 
ubtiiiiusl  with  tlie  runvriitioiinl  iH-vami'trr  shows,  tin'  siiika^p  soil  pnrainotors 
(ii,  k„  k*)  nn*  in  a  vory  rlosr-  :u;r«'vini'iit,  irrcsiu'ctivt'  i>f  tlie  instniDirat  used. 

When  ooiapariii}'  shear  s«iil  jijiraiiieti'is  (e  and  <I>)  wc  find  however  the 
values  iditaiiieil  fniiii  wheel  le.sts  i4t  In-  s'iglitly  iiinlur  lliaii  thn.se  ohtaiiied 
from  hevaiaeter  te.st.s.  This  is  due  to  the  fiiet,  tliat  in  tin-  ease  of  a  hiaked 
wheel  the  prj'vitutsly  nieiitioiietl  htilldo/.iuj;  resistaiiee  was  miasured  as  a  i)nit 
of  tlu-  traetion.  Wln-n  tlrivin;;,  however,  the  test  wheel  instead  of  hrakin"  it, 
thi.s  erwir  c.aii  In-  iniiiiiui/.ed.  sluudil  it  he  eonsidered  uiulesiraltlc 

There  also  Is  a  .sinnirieaiit  iliffereiiee  hetween  the  values  of  the  defonnation 
ino<lulu.s  K,  i>htaine«l  from  wheel  tesl.s  and  I  he  hes  aineter  tests.  However,  We 
have  iiev*'r  Iteeii  satisfied  with  original  hevanieter  data  a.s  they  always  tended 
to  produce  t<Hi  hiw  a  slip  for  llie  iiiaxiinuin  of  traetion.  After  <levelo]iin‘'  the 
wheeled  .soil  h-stiliK  device  we  foutnl  a  liniih  helter  atrreenient  hetweell  prc- 
dietioii:.  and  aetual  vehieh-  lest  data,  which  indicates  that  the  iiew  instriinient 
re(u-odnee.s  soil  shear  eondilions  iuipartetl  hy  vehicle  aeiion  with  irreater 
fidelity  than  the  l>evaineter. 


niBLltXiUAIMlY 
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Ar>otinl,  llriiiuli,  .lunc*. 

2)  Urkkor  M.  ti.  A  ot*  '•it-nl  iin>t  riral  tt*rr.'rm  vnitio.^  f«»r  the 

v  rliii'K*  |•vrforll|l|n<*4*  mi  l  ..o  l  t  rnllii  iihihiy.  1  iil orserv  ii'c  Vpliitlc 
Mifkilily  SyMipo-tium,  «if  OrtliuuuM*  I\i'-»tun.'li,  Puke  I’niYursity  ftiul  Stuvens 

III"! mu*  of  *IVvJin»»|4i*^y.  l»y  ),auil  ii»n  Uramli,  <.)TA(..*, 

Potroii, 

it)  A  Noil  value  Msieiii  fur  Iniol  1m*oiiM»iion  iiu*v)iaiii«’.<.  Hv'cnnb  KhimitI  uo.  ])elruil 
Ar.<fnnl,  l,nn«l  f.ori)iiM»l ioti  Uv^uarrli  llraiuh,  I >i’rriiiliiT 

4)  <*/uko  r,  nu<l  Jb'kkvf  M.  1*.  iVieruiinnl loii  ttf  vvliit  li*  '*'nknj.;r  {Mitiimutors  })y  iiiuaii* 
of  Ar-^.'iiu!,  l.iiifl  )  .onuimt  ii.n  I\t'si‘:iff|»  Mrunrli,  Mav  PLlS. 

o)  Hokkor  M,  i;.  Theory  «»f  laml  i<>u.  riiivoT.-^ity  nf  M ii']ii;:an  Ana  Arbor, 

li)  Jmiosi  /,  iirtil  Haciniiioto  U.  An  auaJv'i.*'  of  iho  tlraw)>ar-}'Uil  sl»|i  rvlatioii>hij>  for 
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APPENDIX  1 

The  effect  of  various  farTtors  on  the  tost  re^L^lts 

1)  I'hTrcl  of  uciLjht  triin>lVr  iliu'  to  tiu*  Iractixu  riToil  l>i): 

Tlio  iMoiiuMil  t^iuilihrluni  I’ur  )»oint  €A>: 

U  I  HU  —  \VJ  —  KK,  0 
Since  K  — - from  llie  iHjmiihrium  jibont  c0»  wc  tiavc 


Towintf  4>r<eHo(T 


R 

HI  +  II  H  —  \V  I  —  It  -  ^  r,  =  0 
Solviiitr  for  H,  '.vf  liiivo 

W  1  —  II  H  (1 - 

r. 


I 


In  <mr  rrtso 


1  K 

- - ,  mill - -  .!S2 

3  I 


Thou  till'  Milne  of  H  for  inilleil  \ilirel 


H  -  \V  —  ..'Mil 


III  the  ciise  of  II  |Hi.s|ieil  wlivel  (liiwin;;  ilivi;rl ion  o)ijiosilc  to  tlnil  iiuliojilcJ  in 
fijjnrc  IH) 


H  ^  W  +  .5511 

Till'  weij^Iil  trnii.sler  iliie  to  the  liiirtive  elToi  (  vns  I'oiiMiiU  i  eel  niu-ii  eoiiiinitinp  the 
iiuniiiil  jire.ssure,  |i. 

2)  KlTeel  ol  weijtlit  tniii.-ifi'r  ilile  to  llie  )Misilinnini;  of  the  toninjj  iihiim 
(livtnre  10): 

The  toi'iiiir  fiine,  T.  Iiii.-i  :i  verlieill  l■ollllll)m'nt  wliirh  re.-.iilt.s  in  n  vvei;;Iit  ti'iiii.sfer 
when  the  towinj^  iirni  is  not  liori/.oiil:il.  N\  e  hiive  fnnii  Umiie  10, 


/,/'J 

'I'v  ■■  T  rill  a  —  T - 

I 

Then  T  ean  he  e.NiMesM'il  ns  follows: 


'  Vi;;.  111.  —  KlTi'Cl  uf  ui-i;;lu  irm.^for  4liit*  to  the  tciwin;;  arm  pu.'ition. 


Ill  our  fii.si'  lit  (lie  Miuxiiiiiiiii  ii>), 

Z  -  8  ill  I  -  2>>" 

4 

.%  Tv  =  - -  T  =-  (.14)  n.0.'>\  H  .11711 

■  28  ^ 


Since  11  i.H  uiipi'oximiitcly  oiii*  tliini  of  W,  tin*  woi^lit  traiisfiT  i/i  Ii's.'i  (iiiiii  C}%  of 
tiui  iionitnl  loud  iit  tlio  iv(u>t  l■(lllllittoll,  tints  ciiii  be  iii';;lri-tt>il. 

.'!)  I’.lfr'cl  of  itu'  towiii;:  .s|uhm1. 

The  offoct  of  till'  toiviii"  .peed  on  both  ^in^^ll;;e  end  .slniir  test  icsidl.i  wiik 
iiive.st i;;nte(l  niid  it  was  t'oiiiid  lliiit  the  lowing  .speed  in  the  vniige  of  */ij  b  l'i>a 
hn.s  no  i-lTeel  at  all  on  the  te.st  ro.sults. 


•1)  KlToct  of  drivini;  or  hnikinp  the  wheel. 

When  dlivilljg  the  wheel,  the  .sliji  iva.s  deliiied  n»  follows: 


In  the  case  of  brekeil  wheel  the  Klip 

V.-V, 

I  - 

V. 

whore:  Y,  =  the  towing  .speed; 

V,  the  oheei  eireainfereiil ini  siteed. 

la  the  c.i.se  of  the  braked  wheel  there  was  an  ailditioiial  bnlldo/ing  resistance  In 
front  of  the  wheel,  wbith  was  iiiilinled  in  Ivaetinn  tneasniement.  However,  ei.lil- 
pniison  tests  with  driven  and  braked  whocl.s  showd  no  ))r,netiral  sij.’aip.cnnt  tlKTereili  e 
between  the  two  case.s. 


Statirti  M  eva’nation  of  soil  values  obUined  from  wheel  tests 
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Statistical  evaluation  of  soil  values  obtained  from  bovameter  tests 
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APPENDIX  4 
Description  of  soils  used  lor  tests 


Drst  r! jttitiM 

1)  Dry  nuiMott 

Dfiisily ;  lO.t 

niiitciit :  2  % 

Dirctt  slw-ar  l^-st  <1ain 
Frirtioii  anul<‘:  'll* 

Oolicsiiin  >  O.l  Iti/m* 

Tlit>  jrmla  mZjl-  »lisl  rihuli«»n  <liiiuniin 


of  soila. 

2')  Lomu  { ^i  i.  lif;!!!!  farm  soil) 
Donsityr  7S  Hi/ I'D 
Mnistiirc-  content  (nvern^e)  14% 
Dirri't  slienr  test  ilntn 
Kriflion  alible;  ;U* 

Colicsioii :  O.riO  Ill/in* 

is  -liow II  In  ligiirc  ‘20. 


/)  I  S  C  U  S  S  /  O  X  s 

P.  L.  UmJLSIANN.  —  Mr.  Piivlii-s  i.s  to  lie  i'oiii;riitii)iiteiI  on  tlie  design  of 
this  vsiiii|iiiiont  uhii-li  will  eiiuhlp  n  siH-eilier  evaliiiilioii  of  .\lr.  Bekkei'.s  C-7  ((iii.stiints 
tlinii  was  ixissHilc  xsilli  |irev)<ms  stiitie  isiniiniieiit .  it  v'onlil  amiear  to  reiiuire  further 
ilevolo|iincnt  to  |novide  n  t:-iiU  eoiitinuons  evalnalioii  with  ilislnnce  as  it  is  notcil 
the  itierements  of  loailing  are  riot  automatle. 

The  si'll  eoii-l,-,nt  K  reeonUsi  liy  the  wheel  system  is  iiliont  twiee  that  leeoriloil 
by  th.e  static  tyi**'  l«'vameter.  I  shonhl  like  to  snguesl  the  reason  for  this  must  be 
altiihuted  to  the  a|ii'ioxiiiiate  nature  of  the  .•aleiilallon  ^^ht're  the  wheel  fooling  is 
roiisi'lerc'i  c(|uisa'i'ot  to  u  niiil'ormiy  loaileij  ri'^id  |ihuie  footing  with  n  linear 
distiilmtion  ol  .sii]i  ilis|'!ae<ineiit  <M-e  iiaja'i  11)  while  aetnally  the  wheel  can  have  a 
luin-unifunn  radial  |iressure  <tist)  ibutioa  (s,.p  |ia)ier  4ii)  and  has  a  non  linear 
horizontal  ooin|ior;ent  of  .sliji  di -|>)aeeii<eiit  ilistrilnition. 

There  is  no  iiidieation  as  to  how  the  hniglh  of  the  eiinivahnit  fooling  is  estimated; 
the  aiT.t  of  jdnstie  recovery  atiiT  jias'iige  of  the  wheel  shonld  not  he  I'oigottcu  iti 
this  estiiaato  ns  this  van  add  ii  usidei nlily  to  the  tra''tion  of  the  wheel. 

It  is  sug!^<>st‘'.l  that  a  direct  I'l.-asureiiient  of  the  liuri/ontnl  force  on  the  nslo 

would  he  I'lofer.ihle  to  the  tor<;i;e  ineasurement  diiidisl  by  the  wlieel  ladias,  as  the 

hitter  mctliod  gives  the  liarc  horir.ontal  fovee  at  /.ero  sinkago  only. 

P,  PAVLICJj.  —  The  test  devieo  .shown  'ii  my  [i.iyer  is  an  eN|iorimi'nlJil  test 
ilcvioe,  not  an  ojivralion  tir’d  test  rsj’.iijmienl  yet.  So  tiiero  are  many  things  to  he 

eorrcctod  and  to  be  imnlilied,  ,ss  for  inslaiac  .a  more  I'lactical  '.ay  ot  lo.nling  the 

wheels,  which  can  be  solved  by  hydiaulie  loading  mechain.sin ;  niid  also  for  mcasnniig 
liroi'crtios  like  forre,  sliji,  ami  sinkage,  also  laii  be  ariangiMl  in  some  more  jiraetical 

way.  .\s  far  ns  the  loading  aron  is  eoiniinsd,  tlm  minition  1  liave  'liowii  for  the 

relat ioiisbip  botv.i-eii  the  load  and  .siakage  of  the  wheel  is  considering  that  the 
loading  area  is  not  ii  Hat  plate,  lint  a  pa»t  of  a  civele.  In  ease  of  the  slu-ar  test, 
when  '  e  arc  hrea'aing  or  driving  the  wheel  wo  sniisiitnled  the  curve  with  a  straight 
lino.  Thi.s  of  coiir'c  i-s  an  assiingj' -on  wtilcli  is  jicrinissihlo  only  when  the  sinkago 
is  finite  small.  I'-nt  in  e.tsc  of  n  largo  diameter  wheel,  and  that  is  the  reasoii  w  liy 
wc  snggc.st  to  ii.-s'  a  laige  eno  i  ,h  ilni  'ielir  wln  'd,  tills  ^•rlol■  is  quite  smell,  and  wo 

do  not  tliink  tlial  it  would  bg  c-Ivisaldc  to  go  in'.o  a  more  conqilmated  ina!  laaiu!  ical 

forinnlation  Of  tlm  piolileni.  I  do  tioi  know  it  1  uiswcii  il  all  of  your  qnesiejii.'  or  not 
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An  instrumentation  system  for  the  measurement 
of  terrain  geometry  *) 

Appareccliiatiire  per  la  misurazione 
della  geoinetria  del  terreno 

I.  .1.  Sa  i  4  IN<;KK  -  S.  STKItNlcK  *•) 

ABSTRACT.  —  A»i  hixUiiru'trtnlion  iyflem  for  the  measure'  imf  of  te’Train 
geometry  has  heen  dei  cloyed  and  tetted.  The  yoryofe  of  this  dci  :~e  is  to  yroride 
a  viearis  for  the  rnpid  and  aceurrJe  colleclion  of  terrain  yro/ih-  data,  lyhich  will  be 
useful  in  the  aniilysis  of  the  ronyh-ffrouiul  perfortunnee  of  CTOss-eour.lry  vehicles.  The 
field  eijuipmcnt  consists  of  a  tuo-whedrd  mediurinn  as'.cmhly  wh'ch  is  toiacd  across 
the  (/round.  Electrical  iiisttnmenls  moui.te.'.  on  the  (/i:.cir,hly  contin;  T.:.-ly  nicnsure  the 
slope  of  the  ground  and  the  distance  txiicttcJ  along  the  snr'nec  of  the  ground.  These 
quantities  a:e  continnonslg  tecordcil  cn  murnetic  tape.  The  nnr/n’ tic  tup.'  i>  then 
returned  to  <J  laboratory  data-pr(\(.,sin<j  si/stcin  ichich  o!itc.in.s  the  iirr.filc  data  by 
a  rnatlicinatical  process  of  intcgratiKij  the  slope  of  the  ground  tcitli  r.'  ..rct  to  surface 
tiriiel.  Prctimilianj  tests  indicate  that  the  sy-tem  is  capable  of  ('.t  .ining  terrain 
profile  uitti  0)1  error  which  docs  not  accuinnlate  to  more  than  4  in  JuO  feet. 

J.  -  Introdnclion 

An  iiniiuri.int  oliiiriiclifistic  ol'  an  ofi'-tlii'  ni.-ul  vcliirlc  i->  iis  nni;  ’  I'niuiii 
inTfiiriMailiH',  as  iiiilii'alcil,  for  «  x;un|>|i-,  tiy  llii'  sj  crd  wiiii  li  it  i-.oi  -afi’  rl'.i 'V<' 
arl'o'.,  ron^ll  li'l'lain.  Allo«;il>U'  sji.iils  Iviid  to  lir  lilllitcil  I'V  ih.'  rOrrls  of 
viliivK'  aiiition  nn  Inipiaii  itassfiiin  ts  ■•iinl  on  r'lnii'iin  iit  rjin  ii'il  ali  '  nl  tin'  \cliu  i  . 
In  orilrr  to  tlisi'in  vrliii  ii  S  with  iinpi'ovril  |•oll'.;!l  :;:oiinil  pi  lfoni'i'iicr,  inrllio.'.s 
lini>t  1)1-  and  iii'ii’u  nirnlfd  for  ;;n.ii> /.in;;  and  I'l  '  ilictir ;  slioli  jirrfor- 

iioonr.  Aldioox'h  a  fii-.-.l  s.  •.stiinat  ic,  aii,iiyii.;d  a)ii'ro;!rh  in  direction  was 
liiaili’  l)y  1  !r.'  prior  to  H'H  the  wliolr  ipni.lioii  was  not  sitf.ir)'  iii’y  rri'oyai/.rd 

nntil  till-  i  .ii'ly  Ifi.'iD's  wlu  n  Hi  kl.rr  i  I'loi  lonl.itvd  tin-  priil'.h  ai  in  Ins  h  il)  'rs 
di'livrrrd  ;it  tho  tlradnato  Kihool.  Sirvons  InstitnU’  of  T'  ’ino’o  *,  tool 
slis-ssi’d  il  a:;,iin  dnri)i>;  Ids  -.Indhs  iit  tlir  Dprratioiis  losialch  Ofti.  .lalin 
llopkio.s  riitM'rsily 

'I'lif  di  VI  lopnirllt  of  a  snitiil'lr  ni--lliodotooy  for  dralin;:  'villi  this  asp"i  t 
of  off  tin  I'oail  loi’oniol ion  rnptiros  ris'.in-li  in  two  main  dirortions.  First, 

*)  'Ih'f  [►;  *ir  !iri;:ir»:iny  j.-'pnr-'l  fiT  Inii.l  ii.ii  I.Alf»rnt*'ry,  V.S. 
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accuiMtf  coiniHolu-nsivc  infoiniation  on  the  j'eoiiielric-  chanietcnstics  of  the 
over  wliieli  eross-eouiiti y  vehicles  imist  oiieiate  is  iieedeil  to  i-ejjlaec  the 
ineseiit  sketchy  ami  incoinplcle  infoimntioii.  This  leiiiiiis's  a  ivsearcli  piogeain 
foe  the  collection  of  such  data  on  rcin-eseiitative  samples  of  the  eaith’s  surface 
and  the  analysis  and  oreani/ation  of  these  data. 

Seeond.  tcclini<pics  must  be  developed  for  nsinjc  known  vehicle  cliarncter- 
isties  to  predict  veliiclc  perfutinancc  over  Kiveii  terrain.  In  addition  to  e.\pc- 
riincntal  field  testiiijr,  a  eoasiiKrahle  'uioiint  of  woik  has  Ihth  rlotic  on 
theoretical  analysis  of  vehich'  d>'Mamii-s.  The  eaily  niethoils  of  aiiahsis  were 
based  iirimarily  on  the  assum|ition  that  the  snsi)cnsioi  sysicni  is  linear''*. 
These  mctliods  are  presently  bi-iiif;  extended  to  jH-rmit  the  aiiul.vsis  of  vehicle 
piu-foniiance  hy  tlie  represeniaf ion  of  terrain  proHle  and  vehicle  motion  in 
terms  of  power  sjii  i-iral  <lriisity  ilisi i  ihiitioiis Aiiiilo^j  eoniptiter  siinulntion 
methods  have  .dso  Isi  n  developed  recently  wlTu-h  take  into  aeeoinit  the  important 
non  liiu  aril  ies  of  the  Misjaiisioii  system  as  well  as  the  i''rionlar  eharaeler  of 
the  oronnd  se.rfav'e *■'. 

The  itisli  iiau-ntation  system  deseriheil  in  this  paper  is  intended  to  provide 
the  means  for  earryiao  out  leseareh  of  the  lii'st  type  deserihnl  alatve.  naiucly, 
the  eolli'ction  ami  oi ^r.iii/ation  of  aeei-ssar.v  infoiinatiou  on  terrain  {p'oimUry. 
This  insiriiiiientation  system  was  devidopeil  for  the  pnr))os<-  liy  the  Institute 
of  Scieiiee  and  Teeliiioluj:y  of  the  riiiversity  of  .Miehi;.Mi\  under  the  sponsorship 
of  the  Latid  l.oeomotion  l/ahuralory,  OninaiH'e  Tank-Aiilomolive  (.’ommand 
of  the  United  States  Army. 

'2.  -  Required  characteristics  of  instrumentation  sysUra 

2.  1)  Typc.s  of  mfonnalioa  required.  -  The  pronie  data  of  a  particular 
section  of  j;'''’>ni<l  form  a  leeonl  of  the  idevation  of  each  jminl  nlon^j  a  selected 
route  as  a  function  of  the  hori/onlal  distance  alonir  il-.e  route,  .Methods  of 
analysis  of  the  oii,u!id  wave  jverl’orinniue  of  cross-count r.v  vehicles  ni:i!;c  use 
either  of  a  j:rouml  profile  record  or  of  some  other  form  of  »lnta  derived 
fi'um  it.  I’lofiie  data  are  tluis  the  basic  inforiiiation  reijuired  in  a  terraiti 
ni'aoairii\o  prooi-am. 

If  the  diita  are  to  he  \ik,-(1  (o  determine  liu*  dynamic  response  of  the 
vehicle  in  piteli  am!  l.oiinee  oiily,  it  is  softieii'iit  that  the  predile  .-iloin.:  a  single 
li?ie  lie  <ih1aiiie(l.  To  make  nunc  comprehensive  studies  wldeii  inehide  the 
roll  re.v|)vnise,  d:ita  can  he  eotleeled  aloii^;  two  iial'ailel  lines  s<'pnrated  hy 
the  track  width  of  a  vehicle. 

.Sims-  studies  of  vehi.'le  nioliilily  may  he  e.\]ieeted  to  cover  entire  areas', 
if  is  desirable  to  .•'tjpph'a'.enl  the  prolile'ilata  eolleeted  ahmi;  spi-cifie  iniths 
with  iiifoiinat ion  <-merii  '  the  general  area  in  vvld<-h  tlu'  ilat.a  were  taken. 
A  plan  view  o''  ‘he  area  slmtiM  hi-  provided  to  show  the  natural  and  inaii-mado 
features.  Such  t>)pe';;-,i;iliieal  dal. I  Illy  already  he  avail.ible  eillier  in  the  form 
of  topoeraphie  maps-imilar  to  iliiea.  prepand  hy  llie  l  .S.  tlealoyieal  Survey 
or  in  the  lomi  of  le  ii,')  jilmtoiriaphs  availalile  from  eivilieii  ov  mililaiy  aeeneies. 


2.2)  Performance  and  operating  characteristies.  —  The  charac- 

tciistioa  of  a  piofilc  nioiiMiriii)'  a>'3ti-iu  iiieliulp  ai'curjcy,  ct-onoiny,  ivliahility, 
mobility  and  iisahitit-y  of  the  form  of  the  output  «latH.  The  nccuiiiey  r<.‘<|uiied 
of  the  data  depi-iuts  ou  the  eflTwt  wliieli  errors  in  profile  nuasmiiuent  have 
on  tile  enleuhitiou  of  the  pitch,  boinut',  aim  roll  of  a  numlicr  of  tyiien  of 
ivhei'led  and  triuklayiii|»  vehicK's  as  they  travel  over  terrain  at  various  speeds. 
In  terms  of  resjumsc  to  a  simuioulal  ixitul  fuiietion  of  a  given  amplitude, 
only  .small  motions  of  the  vehicle  Ixxly  oeeiir  for  ground  wavelengths  less 
than  alxiiit  one-half  or  givater  than  5  times  the  wlieel-liasc  or  gronml  contact 
length  of  the  veliielc  iK-ing  studusl.  \Vheel-bns«.'s  of  interest  range  from  4 
to  22  1‘t;  thercfoie,  rea.seuahly  aeenrato  mcnsnremciits  of  sinusoidal  components 
with  wavelengths  greater  than  2  ft  and  le.ss  tlian  100  ft  should  he  sufTieient. 
To  obtain  such  aceuroey,  a  horixuiilid  resolnlioii  (i-e.,  horizontal  spacing  of 
individual  ineasuremeuts)  eipial  to  about  I  ft  is  mleipiiite.  However,  a  greater 
degree  of  linrizontal  resolution  is  useful,  sliiee  it  i>erniits  detailed  measurement 
of  individual  iion-sinus<jidal  irregularities.  ^Vith  resinel  to  vertical  aeeiiracy 
reiiuired,  errors  of  1  in.  over  hori/xmtal  elisl.uiees  of  the  oisler  of  a  wheelbase 
li  iigtii  and  errors  of  4  in.  over  elistanee  of  100  ft  n-suil  in  entn-s  in  caleulation 
of  bod.v  motions  small  enough  to  he  ignored.  In  determining  the  accuracy 
of  a  system,  systematic  errors,  aeeumulatiug  in  one  elireetion  only,  appear  us 
a  (lifl'ereii<'e  in  average  .slope  and  are  liieiel'ore  of  no  signifieunec  in  vehicle 
studies. 

A  data  eolleetiuii  system  whie»i  tlepemls  on  highly  trained  teehnieal 
pci.soiinel  is  exiietisive  and  might  Ik*  diiTii  ult  to  operative  if  they  aie  not  readily 
available,  For  this  rea  ;on,  siniplieity  of  operation  and  isiso  of  inaintenance 
are  iinjairtant  eliaraeteri.stieH  of  a  suitable  system. 

The  ground  over  .vhieli  measmemeiils  are  to  be  made  will  eontain 
obstaeles  of  various  sizes  and  slir.i>i-s,  will  vary  widely  in  eomjvosition  or 
ennsisteiiev,  and  may  !k'  covered  with  .•'now  or  vegetation.  In  many  eiases  it  will 
he  difficult  to  reach  the  location  where  measurenienls  are  to  !)•'  made.  The 
instri'.meulation  vehicle,  chosen  should  have  the  mobility  to  funetioii  j)i'Oj>er)y 
under  tlie.se  eondition.s. 

.Since  e.xteiisive  i.iiiounts  of  tbila  on  leiraiii  geoiui-iry  are  letjuired  as  an 
adequate  ha.sis  for  vehieh  peifonnaiiee  analysis,  it  is  advisable  to  develop 
measmenn  nt  methods  whirli  are  .suitable  for  the  raj>id  and  aeeurate  eollectioii 
of  lemain  data  ou  n  l.irge  scale.  The  onasuring  system  should  produce  data 
in  a  form  e'mw'nieiit  for  siihM>«|iieht  use.  Two  specific  uses  for  terrain  geometry 
data  are  aiilieipatcd.  They  can  Ix'  used  to  provide  road-funotion  inputs  to  uu 
analog  simulation  of  a  vehiele  se.sjH'nsioM  system  or  they  can  be  subjected  to 
harmonic  analysis  toebniquos  to  charnel erize  each  road  samide  in  terms  of  its 
spectral  density  (i.e.,  tin'  amplitude  of  eaeli  sinusoid.al  eoe-poneut  as  a  runetiou 
0*'  ground  aveh ngib).  In  I'itlier  ease,  a  record  of  elevatinn,  y,  as  a  function  of 
tac  liurizonial  eo'tiponenl  of  illslaiiee,  x,  j>rovide.s  the  iicec-ssary  data  in  a  form 
adalitable  to  the  intended  use. 


3.  -  Description  at  instrtunentation  system 

3. 1)  Theory  of  operation.  —  Tlu*  monsurfiiu'iit  tfchiiuiue  ai.loptod  in  the 
system  tleserilxsi  in  this  pajK'r  was  si-leetiHl  as  a  ivsnlt  of  an  initial  stndy  of 
various  possible  methods  of  ineiiKiii-ing  terrain  treoinetry  Vehicular  tiurveying 
systents  have  been  tlevelopcd  by  si^veral  inventors  sinee  ISGo.  Several  of  these 
operate  on  wli.nt  may  Ik.*  called  the  .slope  integration  aiethed,  a  recent  develop¬ 
ment  of  this  tyjie  iK-iiig  the  .lohnson  Klevation  Meter*  '®.  This  meter  is  intended 
ehi(  lly  for  ns*-  in  meusuring  ttital  elevalioniil  dih’ereiiees  between  widely 
.separated  noitits,  |H‘iii:i|>s  several  miles  apart,  rather  than  for  obtaining  conti- 
tinons  i)ix;files.  However,  the  integration  of  ground  slope,  which  is  the  basic 
principle  of  oiwniliou,  is  adaptable  t4»  a  i>rofiring  instrument. 

To  peiToriii  its  funetion,  ,•»  device  based  ott  the  .slope  integration  niethwl 
is  designed  so  that  it  iiuehani/.es  the  e(|naliuiis: 


,• — =  J  sin(->ds. 

X  ~  j' cos  t)  <ls, 


in  whi<'li 

s  Is  the  total  distiuiee  liaveled  along  the  .‘airfnee  of  the  ground; 

y  is  (lie  cleViOimi  of  the  ground  for  total  travel,  s; 

y„  is  tlie  elevation  of  the  ground  nt  the  beginning  of  the  run; 

X  is  llte  ll••ri•/.onlal  ronitMtaeiit  of  disljiine  along  the  ground  for  tolnl  travel,  s; 
(•)  is  the  slope  angle  of  the  ground  under  the  veliiele  nt  the  distniU'C  s  from 
the  origin. 

For  tlie.se  equations,  the  two  tjnnntities  whieli  must  Im  measured  eontinuously 
are  the  distanee  traveled  by  tlie  vohiele  and  the  slo|>e  of  llie  ground  over  whieli 
the  veliiele  is  traveling.  To  determine  these  two  ipiaiitities,  a  trailing  arm 
towed  by  n  jiowen-d  veliiele  sniiports  a  niensurin;';  assembly  emisisiing  of  two 
wlieels  inoiiiited  in  tandem  .s,)  as  to  follow  a  eoininun  tiaek  (sec  fig.  1).  An  angular 
referenee  deviee  carried  by  the  trailer  provides  a  eiailinuous  indication  of  the 
jiiteh  angle  of  the  wliee!  frame,  assumed  to  be  the  same  as  the  .s'ope  of  the 
ground  over  whieh  the  wlieels  are  traveling.  The  forward  travel  of  li  e  vehicle 
is  iiiea.sured  by  .m  odometrie  device  con.ieeti'd  to  one  of  the  nuasiiring  wheels. 
The  I’leelrieal  calput.s  of  the  aneuhir  referenee  and  the  distanee  iiidieiitor  are 
fed  through  .a  data  reeording  and  eoiiveiNion  .sv.siem  to  a  digital  eoniiiuler 
which  Uses  tliesi' oiiiputs  to  perform  the  mallieiiiatuMl  eompiitation  eorresponding 
to  eciualioiis  (1)  and  (2). 

3.2)  Delc.il'>d  dc.'^cription  of  sy.nom  —  The  mea.Miring  assembly  oC  the 
terrain  geometry  nieasurement  .s.vsiein  is  iillaehed  to  the  roar  unit  of  the 
towing  vehicle  by  moans  of  n  pivoted  support,  which  allows  the  trailing  arm 
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to  ititnto  in  hotli  yaw  iiml  pitt-h.  Tho  sloin-  of  Ihr  ('i-uurul  is  M'listsl  by  a  pair 
of  Jl-ituh  (liniiK'lor  w!u>rls,  inounUsl  in  tainU'in  on  a  fraino  of  J2-incii  whci'llnisc 
at  tin*  rear  of  live  assembly. 

An  <Klomcter  system  jn-odnees  a  volta^'*  j>\ilse  at  eonstant  iiuns  tnents  of  at, 
tlie  travel  of  tin;  wl'.ec!  alon^  the  siirfan-  of  llie  trioiiinl.  Tlic  (Mloniotcr  system 
»)poratcs  in  the  t'ollowini'  nniimer.  A  metal  ilisc  nionnied  on  tlic  axle  of  the 
front  nn-asurinu  wlteel  eontaiiH  a  nninber  of  e\enl.v-spafid  slots.  A.s  the  svliocl 
rotates,  those  slots  pass  in  front  of  an  eb'etroma^:net  ie  piek-nj)  wliuse  ina;.;netic 
relnotaru'e  varies  with  its  jn-oximity  to  a  metal  siirfaee.  The  voltnu'e  output  of 
this  piek-up  is  an]j)lifieil,  and  used  to  eontiol  the  I’losuve  of  a  rola.v  contaet 
tlnriiifi;  the  jieriod  ^rllen  a  slot  is  in  Ira.t  of  the  i>iek  iip;  heneo,  each  closure 
indicutes  an  inrrcnnnt  of  travel  of  tin’  front  nieasuiin;;  wlteel.  A  voUa[;e 
tnin.sn»itt(sl  through  the  rela.v  eontaet  is  recorded  on  otie  ehiinnel  of  rn  Ampex 
Al?  200  nia;^iielie  tape  recorder. 

A  .synchro  .system  is  iisvd  to  indicate  cont imnnisly  the  ititeii  ansle  wlii'di 
the  wliecl  frame  makes  with  the  vertieal,  total  allowable  rantre  bcin^  from 
—  I'O*  to  T  !10'.  One  synchro  is  alt:ielied  to  the  front  nn':isnrin[j;  wheel  iit  such 
n  niiiniier  its  to  iinlieate  the  iin"le  l»  |ween  the  wlteel  ftattte  iind  the  trailing  arm. 
A  second  .syiteltfo  is  attaeheil  to  the  pitch  ghiibjil  of  a  vertical  tr.\ros''ope 
inonnted  on  the  trailing  ;irtn,  so  th;it  it  incasiires  the  angle  hetwoeit  the  tiiiiling 
uritt  .and  Mie  verliciil  spin  axis  of  the  g.vm.  The  stt.lor  wlmltitgs  of  the  two 
synchros  are  elecirieall.v  eiminected  in  siti-h  it  niiiitner  that  the  \oltage  of  the 
otitput  rotor  wiitdiitg  is  proiiorlional  to  the  .siite  of  the  ancle  hctwccn  the 
longitudinal  axis  of  the  wheel  ffiimi"  ■•iitd  thi'  verlie.tl.  This  otitiml  .sigital 
consists  of  it  400  eits  e.irrier  viiltii;.^e  wlio.se  ;iin]ililitile  iind  phase  e.iriespiittil 
to  the  siite  of  the  angle.  .\  tleimidtib-ttor  eonvorts  this  eaii'ier  viiltiige  to  n 


varjnng  J-c  voltngn,  Fiiivhig  n  iiuigMitiide  and  sign  also  cori'cspoiuling  to  the 
siiio  of  the  angle.  This  varying  d-c  voltage  is  reeordetl  on  a  second  clianncl  of 
the  Ainpex  AH-200  tnjje  recorder,  in  parallel  with  the  oilonicter  voltage. 

In  adilition  to  the  measuring  assenihly  and  niagnetie  tape  recorder  described 
above,  the  terrain  niea.surement  system  inelndes  [lower  supplies  for  generating 
the  neee.ssary  eleelrietd  power  used  in  the  system.  Tlie  i»riniary  source  of  this 
power  is  a  gasolitie  d riven  engine  whieli  oj>erate.s  a  fiO  r]>s  electrical  generator. 
.Vnxilinry  imwer  suiijilies  use  the  GO  eps  power  to  pi'(Kluee  400  ej>s  requiivil  hy 
the  synehros  and  the  gyro  motor. 


Field  equiQfTitrit 


Laboratory  eg u i oment 

,Kig.  2.  —  l>iiti(  |>ro<’e<5iiig  fin'ilil,v. 


Ill  order  to  obtain  terrain  geometry  data  in  its  final  f’oriu,  tlic  raw  data, 
as  originall.v  recorded  on  magnetic  tape,  must  lie  ju’oeessed  in  a  digital  eompntor. 
Tl.is  is  aceinnidialied  by  means  of  a  ginieial-juirjiosc  data-jiroeessing  facility 
located  al  tin-  Ordiianee  Tank-.Viitoinolivi'  (loininaiul  (m'c  f;r.  2).  This  te.eilily 
contains  a  magnetic  tape  rejiiodneer  by  means  of  wliieh  the  original  (dect  i  ieal 
outputs  of  the  measuring  instiumeius  are  repnidueed  in  analog  form.  A  inulti- 
|)lexer  seiiueiilially  samples  the  individual  idiaunels  of  the  tape  reiieoilnecr. 
Tlie  sampled  data  are  routetl  to  an  analog-to-digildl  converter,  wiiieh  eoireerl.s 
the  analog  s.'imp'es  into  digital  form.  The  luniierieal  data  are  then  orignil/.ed 
hy  inean.s  of  the  format  generator  into  a  formal  wliieb  is  eomiiatible  for  use 
witli  an  I'lleetro  Data  ‘dO.'i  digital  eomputer.  This  further  |iroeo>-.-.lng  is  ;u-eoni- 
plislu'd  by  the  use  of  a  .set  of  eominUer  instructions  inserted  along  with  the 
(hata.  Since  the  romputer  instnivtieins  can  be  inodilieil  hy  prejniriiig  and  ins.nting 
a  new  program,  maNinnnn  fe-.\ii*irny  ean  be  obtained  in  tlie  data  processing 
operation. 

In  tliis  paper,  erne  jiarfieiilar  inithod  of  obtainin';  profde  dnt.a  fi'oiu  the 
raw  dr.ta  rceoisled  by  tin*  fuld  svsteni  »\ill  be  d-.ieribid.  Variation;:  vif  this 
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ilata-i)ioec.s.siiiR  oporatiou  arc  possible;  however,  additional  study  is  reriiiij-ed 
to  dctermiijc  the  optimum  metluKl  of  mnthematieni  analysis  of  the  raw  data. 

In  tlic  data  proocssiiijr  uperatioii  the  inen*meuts  of  distance,  Ay  and  Ax 
of  the  ground  profile  aix*  computed  for  constant  increments.  As,  along  the 
ground  .sr.rface.  For  each  increment.  As,  amounting  to  4  inehts,  the  following 
computations  occur: 

(sinO),  =  Ay»  (3) 


(eiKi  B),  As  =  A  *4 


(4) 

15) 


(6) 


Tlie  eonijiutiHl  values  jt  x,  ami  y,  eau  l>e  plottisl  by  ;■  digital  plotter  or 
the  values  can  la*  storetl  «u  magnetic  ta]*c  for  sultsetpieut  analysis. 


4.  -  Performance  cbaracteristicji 

The  system  deserilwd  in  this  paper  has  boon  constructed  and  is  presently 
undoigoing  tests  (sec  fig.  H).  Some  of  tlie  5>reliniinnry  tt-st  results  are  rei)ortcd 
here  as  an  indication  of  the  perlormaiue  of  tl'.c  systenu 

The  perfortuaiic'  oharaeteristie  which  is  of  primary  imj)ortnnee  is  the 
aeeuraey  of  tlu  system.  Several  si)urees  »>f  error  arc  ]>ossihle.  Mechanical  and 
electrical  errors  afl'ect  the  measut<‘meiit  of  slope  angle  and  siirfi'.ec  distance 
and  their  eoiiversion  to  profile  data.  In  addition,  liinitatioiis  in  tiie  hori/.ontnl 
resolution  of  the  slope  measVM.nunt  device  can  re.sult  in  a  distort'on  of  the 
short  wavelength  components  of  the  profile. 

The  .system  has  been  <lesigned  so  thiit  tlie  eomhinatiun  of  nuehanieal  and 
electrical  errors  will  fall  within  c!.  ■  .uciiracy  n  quin  inents  di.seaisscd  in 
Section  2.2.  These  reijuirements  can  he  <'.\i)re.s.sed  in  lemis  of  the  stiimlard 
doviaiion  of  the  slojic  angle.  If  tlie  fi  ,-or.s  of  individual  iin-n-nients  of  elevation 
change  arc  a.s.suincil  to  have  a  normal  distriimt ion,  a  -;l;indaid  deviation  of  the 
slope  angle  aiinniming  to  2  degrees  eonlil  hr  ])crmitted,  without  exceeding  an 
errer  of  4  in.  in  a  distance  of  100  ft.  Freliniiiiary  te.'.ts  indicate  that  erroii* 
due  to  the  electrical  s.’istem  can  be  kept  within  1  degree. 

Mechanical  errors  are  primarily  those  due  to  hoiineiiig  of  the  nieasnrcinent 
wheels.  These  can  lie  kept  within  aei-cjitahle  limits  hy  is'stricting  the  sjieed  of 
the  rr.cn.suring  veliicli'.  A  speed  of  .'i  fps  hcis  been  aehi.nad  over  scwral  sainiiles 
of  terrain  witliout  ajipearing  to  cause  undue  wliCrl  b-siuKS?. 

Errors  are  inherent  in  any  measuring  .system  'ehieh  has  a  finite  horizontal 
rcsohition.  The  .system  desorihed  Iiore  may  he  tiiought  of  as  linving  a  l.ori/.nnlal 
ro.sohition  of  1  ft.,  since  this  is  the  whoelhase  of  the  nie.i.suring  fraine.  However, 
the  slope  integration  j)roces.s  apjiruaeiu's  a  ••■jutiiiutnis  ojvration,  .since  data 
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Ku*l*l  ••<|iii|iin<-«it  fiir  tiTtKin  iiii'ii'uri'iiiiMit, 


■Curve  B 


■Curve  A 


DISTASCE  (II) 

Fij;-  -I,  —  l^•^•r^^'»^•llInti^ln  of  terroiii  .'•onipli'. 


sdiMiili'M  nrc  tnkeii  evei-v  4  in.  llciici',  inipfovoil  ivsohition  iiiiiv  be  olitiiiiu’d  by 
liropci'  prucossinn  of  the  resiiltiint  «bita. 

The  iin-tliod  of  reiiiietion  fle-veiibed  in  .St'otiini  3.2  jii'oduecs  profile 

djila  wliirli  meet  llie  aeeoiaey  ir(|uirei)ienls  .'pnirud  in  Seetiun  2.2.  Figure  4 
i.s  an  example  of  the  data  obtained  he  tlie  inca.siiivment  .system  nsinff  tl:is 
metiMxl.  The  terrain  invuularit.v  used  for  Iliis  examiile  is  a  V  rainp  4  ft.  Ion;' 
and  H  in.  l\i;;h.  Curve  ,\  lepreMnils  tl<e  profile  olitained  by  the  computation 
jii'ot’cs.s  previousl.v  di.s«*rilK'd.  .Note  tlial  the  amplitude  and  general  shape  of 
tlie  curve  ai-e  similar  t€»  the  original  irregularity,  but  that  tlie  location  of  the 
jieak  has  been  rolavded  abjut  8  in.  Curve  li  has  been  obtained  by  modifying 
Curve  A.  In  this  iniHlifivatioii,  the  sliorl  wavehiigth  eeinixau nts  of  Curve  A 


(espceLdly  thowc  li**!  1hi>»  ulxxit  2  fi'ot)  hxvt*  vniplutsizctl  by  U'iug  pusswd 

through  a  fri*«|UPiicy-S('kTlivo  filter.  Tlie  ebiiiocteristies  of  this  filter  nro  sueh 
that  the  magnitmlc  of  all  wavelength  euinponnits  of  the  original  irregularity 
•lo.vii  to  about  l.l  ft.  are  inensured  with  less  than  10  error.  In  the  case 
shown,  the  primary  elTeet  of  the  traiisfurniatioii  Ls  to  veduee  the  shift  in 
imsitioii  of  the  ]K'nk  to  about  5  in. 

Although  the  results  olitaiiieil  with  the  |ireseiit  s\steai  prtKluee  data  of 
satisfaetory  a«*>inu*y,  it  is  l)cliev»sl  lh:»t  .syst»-iii  aeeuraev  ean  l>e  still  furtlter 
inciraseil  by  further  iinprovemcnt  of  the  eleelrieal  and  iiieehaiiieal  design  and 
refinement  of  the  data  processing  operation. 
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I)  l  S  C  U  S  S  I  O  N  S 

L.  AiUCL  —  K’  stiitn  osseiMilii  r.aa  dilTeieii/n  nei  vi.-e.llnti  vaiiiiiido  hi  velccitii 
iicll’uppiiris-i-hi.ntiir.'i  c  la  veloeitii  «li  nvnii7..''iiir)itof 

I.  .T.  S.VilTINn-ER.  —  The  (iiioslimi  has  been  a>heil  as  tn  wlietlioi'  the  aeomacy 
ot  the  system  is  alTis-lrd  by  the  speeu  wllti  wliii  li  ilio  moasiuiiig  veliiele  tiavels  over 
the  gromnl,  Tlie  answer  is  that  if  it  ilws  not  tiavel  above  .apjn-oviiaalely  to 
10  l't/.-.ee.,  then  the  Jirolilc  'vhieh  is  leronted  will  not  he  a(Teetr(l  hy  the  siieed.  If  the 
vehieic  travels  too  rapidly,  the  wlin-ts  ot'  the  iiieasnring  system  hegin  to  hoinire  ninl 
this  introdines  errors  into  the  laeasniement.  If  wi-  travel  al  a  slow  enough  riieoil, 
say  5  to  10  l't/.s<-f.  al  tlic  most,  then  onr  ino.isnieinent  sl-onld  he  leasoaahly  nerniate. 
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IWeasuremcnt  and  estimation 
of  the  traflficability  of  fine-grained  soils 

Misure  e  valutazione  delle  possihilita  di  trafhco 
su  terreni  a  grana  fine 

S.  .1.  Knic.iit*)  -  A.  A.  Hli.a**) 


ABSTRACT.  —  tristnimetits  and  techniques  develnpcd  by  the  U.H.  Armg  Corps 
of  Engineers  for  the  direct  mensurement  ond  remote  eiUtnation  of  the  troficability 
of  fine-grained  soils  and  prediction  of  performance  of  militnry  vehicles  are  sur:r:ajiztd 
in  this  paper.  A  simple,  empirical  measure  of  soil  strength,  called  rating  corse  indcs. 
adequately  describes  the  trapicahiUty  of  a  fine-grained  .soil  and  .serves  as  the  basis 
for  confident  prediction  of  military  vehicle  perfonnance  in  terms  of  single  or  multiple 
passage  across  a  level  area,  drawbar  pull  available  for  towing  loads  or  climb. sj  slopes, 
and  forces  required  to  tow  nonsclf-propetled  vehicles. 

Introduction.  —  In  llu>  conti-xl  i>i  tliis  iiapcr  tlu’  tirilViciiliility  of  a  s<iil 
i.s  ns  its  iiliility  tt)  supiiorl  tlio  p:i.s.s:iK('  oi  n  military  vrliif-is*;  a  tii.r- 

graiiioil  soil  is  dil'misi  as  in  wliicli  moiv  tliaii  Imlf  (by  wt-ijilil''  ot’  its 
ODiistitui'iit  iiuitci  ials  ail'  finer  iban  0.074  mm.  In  a  limil  smiso,  tlir  Irafi; -aliilily 
<if  a  soil  cal!  lie  assc.sscil  I'ully  and  comprehensively  only  by  a  coiisidenition  of 
tin*  t'orces  brought  to  bear  by  the  vi'bicle  conenned  ami  tlm  bcliavio.'  of  the 
soil  under  Mtose  forces.  Hut  theories  and  laws  of  meelianies  of  .soil-veliirle 
systems,  now  beiiijr  viirurously  sonijht,  may  reipiire  several  moiv  years  of 
iiitensivi'  research  for  their  eonijilcle  fruit  inn.  yiiiitary  eommamUTs  i-mnot 
afford  to  wait.  Their  responsibililies  demand  tiiat  tliey  be  able  to  di'-uri  'iiiate 
Iiassahle  ami  impassable  areas  for  the  vchielecj  nmler  their  eummand.  Tl'.ey  must 
do  tins  r:i(iidly  and  in  simple  terms  of  referenee.  Ke'  ie^ni/iim  these  requev'.aent:; 
and  reali/in;'  the  tremendous  diflieulties  involved  in  a  truly  tlieoietleal  pu.  ieh 
to  the  prohlem,  the  1.  S.  Army  srver.il  years  aqo  decided  that  .sail  n  eiory 
.solutions  eouM  best  be  aehiioed  tpiiekly  by  a  rational  experimental  nr  eac.irieal 
eoiiise  of  invest i;rat ion.  Aeeoidin<rly,  the  Waterwaxs  Mxperiment  Station  =  vVIlS) 
of  the  U.  S.  Aran  ('ori>s  of  Jlntihieers,  at  Vieksbuit;,  Mississippi,  was  askvsl 
to  undertake  a  prtmram  aiim  d  at  ipiiekly  deveiojiiin,'  iiistraim  nis  and  t*.ah!ii'pu>s 
whereby  military  eommanders  could  aseer'ain  wlaalaT  or  not  the  v.  ieeles 
under  their  einiunand  could  travel  over  the  soil  snrfaees  I  hex-  would  eiiv'-.aoiUT. 
Tills  pro;,'ram  is  now  laiqtelx  eomplete.  Tliis  I'api-r  lue.-s.  nls  a  >  r, 'oary 
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tlosiM'iption  of  itistrijincnts  iin«l  to<-hnu|nrH  dcvt’lojif*!  hy  thf’  Oorps  of  Knginoors, 
I'.  S.  Army,  for  dirtM  lIy  mt'.isiiriii^  aiul  ivnioti  ly  crstimnting  the  tijiffioiihility 
of  fiiu'-graiiu'il  s<iils.  Dotails  may  bo  toiiml  in  tin-  WKS  jvpoi'ts  on  tliis  subject 
listed  in  Apiieitdix  A. 
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Ki;i.  1.  ^  r<»iio  [‘CiM*!  i  t  jiivT 'T  in  ti^e. 

General  soil-vehicle  cor.'.-idciatiori.  —  To  I'O  ;uli  <iiiato  r>»r  i)a>sa;ce  of  a 
vehicle,  a  soil  must  liave  suflieient  bee.rinii  eaisK-ity  to  inevent  ilie  veliielc  from 
silihing  loo  and  siltiieieiit  tfin-lion  e:iiia<-ity  to  |iii)\  lile  the  ln'er.s.sary 

fui'Waed  llii  iist  of  tlic  veliiele’s  v,  liei-ls  oe  ti  iieUs.  IhMring  ei!i>acily  and  traeliuii 
eap.ieity  are  botli  fiin<-tions  of  the  shear  slrenrth  of  a  soil.  1,'saally  an  itninr:- 
hili/ation  of  a  vt  hiele  is  ean-.ed  by  a  eoin-nrrent  faiinrr’  in  heating;  and  ti;:elion 
and  it  IS  not  easy  to  se],. irate  th.e  two  elVts'ls.  Ti'.uli  in  faiinre  ean  oeeiir  on  a 
soil  with  adeipiate  hearing  .strength,  a.s  ■-vlr-ii  a  i  idiher-tii'ed  eehiele  lacrely 
siiiiis  its  wlieels  on  tlie  s\irlViee‘  of  a  slippery  e’.i\'  soil  hut  does  not  sink 


appivoiiihlv;  howovor,  suikii^'c  faiUtiv  tloi's  not  wcur  withoiit  Ix'Sii}!;  ncooiupiinird 
by  tract  ion  faihiic. 

Instruments.  —  Itcariiig-truftioii  capacity  is  incasiiroil  ciiii)iricnlly  in 
tcinu  of  tlio  cone  index,  which  in  the  pounds  of  force  that  must  l>c  applied  to 
the  handle  of  the  cone  pcnetioaictcr  fshowii  in  fi;;.  1)  per  scpiare  inch  of  its 
cone  base  area  in  order  to  force  it  into  the  Kf«n"d.  The  ri"ht  circular,  dO-degree 
cone,  not  xisihle  in  the  photo,  has  a  cone  l>asc  area  of  Vb  ^1  'tt-  The  cone  is 
pus'aed  slowly  downward  and  readings  of  the  «lial  gage  arc  made  at  desired 
vertical  inerenuMts. 

Many  soils  w!\o.'5o  sii'eiigths  are  low  in  situ  will  heeonic  even  weaker  under 
tlu'  aetion.  or  renioldhig  effeet,  of  a  vchiele.  To  i‘stimate  the  cone  index  that 
will  prevail  under  the  moving  vehiele,  a  ri'nioldiiig  test  is  neressiiry.  This  tests 
consists  of  meas'.ueinent  of  the  cone  index  tif  a  sample  of  soil  confined  in  a 
small  eyliniler  before  and  after  pounding  it  with  100  blows  of  .a  2-Vl>db 
liannaer  falling  12  in.  A  «  is-inohling  index  »  is  obtained  by  dividing  the  eonc 
index  of  the  soil,  after  it  has  been  pounded,  by  it  one  index  before  the  blows 
were  api>!ied.  Figure  2  illustrates  the  various  si  .-.s  of  this  test.  A  *  rating 
cone  iiub'X  ».  the  linal  im  ua  ire  of  a  soil'.s  Iralbeability,  is  obtaitusl  by  nuiltiiilv  ing 
the  in-situ  eone  index  by  the  remolding  index, 

Vebdcle  pcrform.nnce.  Cone  index  correlations.  —  From  data  eolleeted 

in  luimlreds  of  tests  «ith  several  lyjies  of  militai-y  vehicles  on  tine-grained  s  iii'. 
(loaais,  silts,  el, TVS,  ete.)  it  has  beeoine  feasible  to  jirediet  the  ])ei  foi  ins,;.' e 
of  llie.se  vehicles  on  tlu‘  basis  of  tlu-  rating  cone  indi'X.  If  the  rating  c-.’ie  index 
of  ii  given  area  is  known,  it  can  be  conlideiitly  predicted  whetcr  a  gi.cu 
vehicle  will  he  abto  to  cross  it  oiiee,  Mhcliler  •”)((  vehicles  can  ero.ss  in  the  sam'- 

path,  how  heavy  a  load  the  vehicle  eaii  tow  tbrif.igh  it,  or  how  steep  a  .siopc 

the  vehicle  ean  cliaih. 

Table  1  shows  (lie  rating  eone  index  in  the  critical  .soil  iavei  insimlly 
fi  to  12  in.)  neevssary  for  eompl.  t i»)n  of  one  j.iss  and  ->0  ))ass,s  l.y  a  few 
typical  military  vchicKs.  (’one  bolexes  remiired  tor  .'0  pas-es  i  vcliicic 
up  a  given  slope  or  for  .ftt  pas.s,'s  lowing  a  ,g!\<  n  load,  on  levi)  ti  r  i  n  may 

be  determined  be  estimated  using  the  eiirves  in  tig-.  4. 
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AAfTKC  COKl  »^40l  AOOVt  vl>nCLl  CO«f  tsW-l 

Ki^j.  H.  —  >!f\\iniuin  o*n»linuuii>  IfAClivo  ctTtift  <»n  U'viO  ;*r*j\)inl,  niaxiiiniiii 

rnnxiiiittin  tuwiiijj  f«ircc  VS  ratin^i  roiio  iiulcx  cx jf.nut  u^»avo 
vc)»ic!c  co»«  iihlox. 

r.siiij;  the  data  culloi'lotl  in  afliia)  vtltioK'  a  systna  was  (lovclopcd 

l'in‘  <‘Valuiiliii;r  ll\(.-  allVrts  of  a  wlt'u-K's  I'liaractfiistirs  (wiiplil,  <-i»atact.  pii's- 
sui'o,  vtc.)  ill  tci'Mis  III"  till-  fiiiir  iiuli'x  lequin'il  I’ca’  ilia  vfliii-lo.  'I'lic  systain 
iDtiipiisvs  uun'  t■(lt•lllalas  —  ono  fornuila  loi-  m  li-iiropallail  tiackial  vi  liiales, 
aiiolluT  l\ir  Nrll'-]inipt'llt'.l  \\i)i-vl<-<J  vaiiirlvs,  ainl  oiio  o.icli  t'lii-  UAsaal  u-aolu'd 
aiul  wliiH'iad  vi'liiali's.  Tlicsa  hiriiiiilas  aro  sliawii  ia  A pja'iidix  U.  Tla,'  liMiaula 
lor  sill'-p)o|ii'll('<l  liiu'kctl  v«liit-!rs  lias  liora  varilinl  l>y  sovrral  tasls  on  \'vl'k'lr.s 
Hot  iisail  in  ils  (li  vo!o|)niciit  ainl  I'diiikI  io  In-  (-alirrly  ^at:s^a'■''Ji■y.  ‘I'lio  fo'.  aiula 
for  sail  jtropvllvil  wlu'flial  viliiali's  Ins  only  hi'cn  rlirrUiil  !iy  a  few  Irsls,  ami 
wliilc  llu’so  lots  hi'ar  out  the  fori  uila,  addilioiial  lasts  are  nmlad  lai'oro 
it  ran  1)0  fully  jiror]tlrd.  No  o|']aiil\raity  lias  as  yat  prosi'npil  itself  for 
rliis'ltin;^  tlio  two  formulas  for  lowril  voliirlrs. 

Coil  cla:;tiaCft,tiou.  — -  Tin-  pi  im  ipal  inlliu  nro  oo.  the  rat  in;;  rour  iiuiox  of 
a  fim  q;raiiu-il  s.iil  is  tin-  amount  -of  watrr  it  loiitains.  Almost  atiy  soil  in  a 
romparal’Afly  dry  stair  is  tratliraMo  to  all  aiilltary  voliirlrs,  lait  if  its  moistnit; 
roiitrnt  is  iiu-rrasnl,  its  I raf!ii-al>ilily  may  ho  '.'rdarisi  to  Ih.'  point  ulure  only 
rortaiii  M-liirlrs  ran  travrrsr  it,  A  fnrllu-r  im-ia'ri.sr  in  inalstnrr  ina.N'  ri'iulor  tlic 
soil  tint rafliral.ilo  to  all  voliirlrs.  It  is  appairiit  that  moistiiro  o-mditioas  ranst 
1)0  irrinnizrd  in  any  I'valnatioii  of  )l;r  t is  liir.il-.ility  of  a  s-.il,  and  I'liilla  i'  tl)at 
.soils  nutsl  1k>  at  similar  or  ripiivaloiit  roi'diliiais  of  aK)istn)'i-  in  o)-dor  lluil 
tho.\’  ma.v  lx-  ratrd  fairly  in  rmi-.parison  with  caoli  otliri’. 
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The  WI'IS  sUulies  liinve  shewn  Ili.’it  in  ii  hnmiil  dim.ili'  the  top  1*2  in.  or 
so  ol'  11  "iMii  ruu'-j'inineil  soil  nitnin.-;  ,i  .■'citnin  iiinNlmuin  soil  nioi'iun*  early 
in  the  wet  .season  aiul  iiiainlains  this  inoisline  ^^■itll  very  liulr  «hviation 
thronj'lieiit  tills  siiisiin.  This  !i"Iil  nia.siniiini  on'eisi  ii  priieiiial  iiii)i-<‘iiiiv  ilainm 
lor  eviihial inn  ol’  tlie  I r.Tlieahility  of  .soil.s.  at  least  in  huinicl  L.  S.  h'eations. 
Althoiirrli  aetuiil  nmisl  ire  content  vnrie.s  wiitely  fiom  .soil  typi;  to  soil  t.'  j"*, 
n  .soil  whose  moisture  eoiilent  is  at  liehl  inaxiimim  is  at  its  j-oortsi  eo-a!;iion 
Iroin  a  trafiicahility  standpoint. 

A  seheine  of  elas-.il'\  ini;  soils  I'roin  the  siainlpoiiil  of  tlieir  tin:' i' ahility 
in  the  west  season  is  shown  in  table  2. 

P.cmoto  estimation  of  tralacability,  —  In  military  situations  it  is  not 
always  imssihle  to  enter  an  area  and  make  eone  ]ienet loineter  inea..urement.s. 
Th  erefore,  a  snlislaiitial  amoniil  of  study  has  lieeii  de\oled  to  estii'i.itiiie 
traflleahility  when  ])hysit'al  contaet  with  the  .soil  is  denied. 

Soil  l_\pes  ean  lie  ideiililied  from  aerial  jdiolo.s  or  dediu-ed  from  .-oils, 
topoeraiiiiie,  oi'  peolueie  ma|is.  ami,  oiue  they  are  idenlilier],  their  r're;i;;l!ei 
ean  be  'Mt iin.itiil  on  the  basis  of  tbeir  raoistnre  eoiileiits.  Use  of  tsh-'.e  2  w  ill 
provide  a  rouyh  e.slimnle  of  .soil  stivnylle.  in  the  wet  season,  but  yre',i..|-  re-eui.iev 


I»jvcli)i>e>l  liy  ISureiu  of  Rci-laiiialioTi  and  Corps  of  Knpinccri. 


s  — 

is  (Ifsiml  l»y  tl»o  lliliJary.  Awintliiiijly,  sluilics  iir«  in  jn'UfjiTSrt  to  jM*rmit 
tlio  pmlictioii  of  tho  iinioiint  of  wati-r  a  "ivct;  soil  will  cont.nin  nt  iiny  time 
nml,  ffom  tlie  watiT  itmteiit,  the  sli'i‘n);lh  the  soil  will  Imve.  With  the  cooperation 
of  the  1.  S.  Fiirest  Service,  iiieihuils  have  heeii  tlevelopetl  that  permit  the 
Iinslielioti  4>f  inoLsIiin*  eunieiit  from  aeliinl  rainfall  data  with  very 
aretiniey.  .Mainly,  thest*  iiielhoils  eimsiiler  two  ]>heiiomeim.  aeorelioit  .vnd 
ilepletioii.  The  anuiuiit  of  iiiuistiire  that  a  soil  will  accrete  fruiii  rainfall  depi'inls 
mainly  njani  the  niolstun"  content  *»f  the  soil  lH'fi>re  the  rain  anil  the  amoimt 
of  rain,  tlraphs  atul  charts  have  la-eii  isinslriicleil  that  permit  fairly  aeeiirate 
prediction  of  accretion  'piantities  for  all  soil  types  located  in  the  linmid  areas 
of  the  I’nitisl  States.  Soil  inoLsture  is  depleted  hy  eva|)oral ion,  transpiration, 
and  drainaf'c.  Depletion  rates  var.v  mainly  aeeoivlin}'  to  season,  .soil  type,  and 
tniioorajdiy.  Ilnn-lriMls  of  soils  in  widely  seattered  loeatiors  of  the  U.  S.  have 
Ih-cii  llse<l  in  tlei'elopitif;  aeerclioii  atnl  >li'plelion  data,  ;ind  tle’:e  data  are  now 
iH'iii};  aiialyzisl  to  develop  erileria  that  will  permit  e.strapolalion  to  other  .soils 
and  elimates  of  the  world. 

Hellectaiiee  anil  eniissivity  hy  soils  of  eiu  rjt.v  in  the  elect romaitiielie 
sin'clrnm  nia.v  lend  Ihrmst-lves  to  lorrelation  with  soil  l.vpe  and  moisture 
i-oiitenf,  and  hence  5iitvo  as  another  tisd  in  dedneiii};  the  t rafiieahility  of  soils 
hy  remote  means,  ladiorntor.v  studies  have  reeentl.v  hern  slarteil  at  the  M  MS 
to  determine  the  de^nw  of  correlation  Ix'lween  eonlrolled  elninets  in  soil  type, 
nioislnri*  eonletil.  and  density  and  the  relleetanee  and  emissivit.v  of  the  lalw- 
rator.''  samides.  I’reliininnry  aiiyl.vsis  indicates  promising  resnils  nnd  tiu’  studies 
Jire  lliereforo  I'ciiin  eonlinited.  If  a  ihoroiieh  inoeram  of  lahoralm-y  leseareh 
eoiifirms  the  feasiliility  of  ehs-tromaeiietie  me, ms  of  estimatirifi  soil  trallica* 
hilit.v,  stiidie.s  will  then  l>e  e.Mendrd  to  field  eoiiditions. 

Conclusions.  —  I’nrsuimr  a  ralional.  empii  ie.il  philosopliy  of  research, 
sinijile  instruments  ;ind  teehniipies  for  the  direct  ineasnienient  and  remote 
estimation  of  llie  traniealiilil.v  of  ruie-eraiiod  soils  were  deieloi'cd  b.v  the  WMS. 
When  soil  stieii^'th  h.is  hci-n  measured  or  esliinated  in  terms  of  an  empirical 
imle.N.  called  latino  euin-  index,  the  performance  of  .in,v  eonveiitional  vehicle 
can  1)1'  iiredii-ted  with  eonfideliee. 
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1900 

WKS 

MP  4  4114 

Tl«c  Army  Mt»lnliiy  Hcsearrh  CcQtcr  testirijj 
farility 

Jill. 

1900 

WES 

MP  4  11* 

A  liinittM  stu‘ly  of  the  performance  of  the 

2  t<*ti  ineili  llex  trac 

Jinv. 

1900 

I’urituo 

A pplu alion  of  airphoto  pnttcrti  analysis  to 
soil  tr.utiruhility  s!u‘lic’* 

.Iim. 

111.31 

I’liriluc  K. 

.A ppliral ’.i:*  of  airpUnto  )i;Ulcrn  aiiftivsis  ti» 

soil  Ifajhralolity  stutlic.s,  ♦^):iciu1  ilepoi-ileJ 

iiiatcfial.H 

•Inn. 

1051 

I’liftluo  1". 

Appli**at ‘**n  of  nirpliolo  puitiTn  analysis  to 
soil  tf-’il*lcal*iliiy  si  ml  it”*,  ii'isi’cllnneoiiH 
iMutcriHN 

Jun. 

1951 

I’uriliio  U. 

Appliriitio;!  of  airphoto  )»alleri»  aniily.sis  ti» 
soil  trj|»tlc:»hilit  V  stuiru',  >iuhT  th  posittal 

tnutvrini**  (rcvispil) 

Jice. 

193'J 

I’ll  nine  1!. 

Application  of  airphoto  patl*Tii  analysis  to 
►oil  t rHilicnhilliy  simlics^  >vin‘)  ilcpusile*! 
-oiN 

Fell. 

1934 

I’urilue  V. 

A ppli**alir*n  of  nirphoin  paiicrn  nnalysis  to 
suil  iraiinal»i)ity  simlics^  nci'llan  iiiUleriaN 

Mur. 

1934 

I’linlnc  L'. 

Applicalitoi  oi  uirpholo  jciriviii  anulysi.s  to 
soil  t ranicai»ility  simlic*’,  rrsolual  nmlc* 

riaN 

Jun. 

1934 

I’linliie  If. 

Trcliiii’piO-**  for  pm  lie!  inif  soil  Irn  tlK'al.ilUy 
in  fill  111  at  ion  from  nvrial  pho!o;;rMphs 

Sop. 

P'30 

I’ll n Inn  i;. 

.>  ppiira l  jori  of  airjihulo  )'’‘.ttvrn  :iTrily’«ls  to 
soil  iratVicalolity  stmlics^  ''i.pph'im’nt  No.  1 

Sop. 

in.‘)0 

rnnlnc  1'. 

Applicati.ni  «f  nirplioio  pattern  analvsis  to 
soil  trailicahilily  stiiiJii’s,  suppU  uient  No.  ‘J 

Pec. 

1957 

W  K.S 

I/a'oli^  .^trip  cvaloalion  (oiVuo  report) 

Jill. 

19.32 

Piiriliif- 

WES 

Trailienhiiity  coinlit  it  a.^  in  c.in;j)  allcrhury 
aro.i.  Imliaim  (ollice  reptirt) 

.lul. 

1932 

I’nnlno- 
W  K.S 

'rmtlicahility  ronilition-’i  in  an  arm  In  Nor* 
folk  t'loiiily,  linst  .\n;;lia, 

Soji. 

19.32 

I’nnlne. 

\\  KS 

S|!iti’*tii*al  nnalysus  of  tr.ailipnliilily  ihiln 
(ollice  report ) 

Nnv. 

1933 

I’nriluo  V. 

Kfre't  i>t  M’il  moi'liirr  nml  oHiir  natural 

Dot. 

1934 

\  on  aorial  J'botit  ^;rav  lniu‘:<  (of* 

lire  re|»erl) 


Xulo:  All  runiuo  U.  rrpiTts  nro  "n  ^v«>^k  lunl*  r  O'liilraol  vilU  WKS. 


vCM«cuc  ccr«c  iMOC* 


<5,  —  Moliilitv  ;n  lt\  ve^'oli'  c.»nf  iinleX. 


Ha’ji’.it/  inuax 

Till’  Iiiiiliility  iiulcx  is  n  il:t-,r!-.i  Mili --  tiumlicr  ol.I.rMinl  I>y  ni'|ilyiiiL>-  i'(>rtn;n 
rliju lUliTisI irs  111’  n  vi’llirle  III  llic  l'■•rl■'ll'IH'•  ;:i'<  ii  >ii!i'i'(iui  nlly.  1  lip  irutiility  iiv'px  iiui 
llipii  liP  iipplii'il  111  llip  I'Viivii  >l:ii»n  in  lij:.  •'>  In  i1i  li'rir.ir.i*  llip  Npliiilc  l•lllll•  iink'S. 

Sclf-jiriijii  lli'd  tnii  iiil  V'hiilr.t 

Mnliiliiy  iiiilrs 

(I-Iiiil.irt  iiiv.->iiri’  X  wcii:)it  I'p.rtiii-  \ 

_  r  Ixi^u'  liii  lnr  —  i  'll  111  iiiiip  fni'lor  j  X 

ti  iii'k  liii  I  ir  X  f;iiin.<pr  r.irliir  / 


X  i-n^rilic  I'll’ lor  X  lr;.n^■inis•,illll  fm  lnr 


wherein, 


wIh^I  = 


I'lf^rnnco  I'm-tor  = 


onijino  fnclur: 


-  3S:l  — 


gross  woiglit  ill  kips 
iiiiiiilK'r  1)1'  wlidrlx 


rlonrniHc  in  in. 


(ivlicpl.s  niiiv  1)0  single  or  dual) 


groaltT  1I1.111  lO  lip  por  ton  =  I.O 
li->s  tliiiii  l(>  lip  per  loll  ~  I.O") 


Imiisinissidii  fnolor;  liyilriiiilu'  I.O;  mciliniiii ;il  =  I.O.') 


Title  fil  t  nick  til  rchUlr$ 


Muliililv  iinlrx 


xvlicroin. 


'iiiilrtct  pressure  X  ueiglit  fiu'lor 


^  eiiiilrti-l 


I  mrk  I'ailor 


-r  liiigio  Inrtor  —  elcaiiiiKT)  4-  30 


cuiilael  pri-ssnro  = 


gr-KS  ueiL'lit  in  II) 

urea  ol'  Inu  k'  in  <i)n!;nl  willi  "rniiinl  in  xj  in. 


Wfiglil  I'nelor;  la.OOO  III  or  greater  -  -1.0 

lielow  I'l.OOO  111  —  O.S 


(rruk  factor  = 


Imgie  fa<lor 


clt'iiraio'e  = 


track  u'idlli  in  in. 


gross  weiglil  in  lli  divnlcil  liy  10 

lt)ilal  iiiinilier  of  liogii  s  on  frin  k  in  «  i>ntni  t  witli 
groiiinl)  X  (area  ot  1  I  l  in  k  'line  in  s(|  in.) 

eleiirniive  in  ia. 


Tiiirctl  irlii'i'liit  rrhicle* 


Moliilitv  inilcN  = 


(contnet  piC'.^aro  factor  X  weight  fait>)r  \ 

- - ; - n\le  Kind  — i.cleainiuc  )-i-  10 

live  lint  or  ,/ 


wliereiii. 


ciintael  pressure  f.netor  — 


iioriii:il  lire  ]iii'sMire  in  Ih  ])er  .sq  in. 


weight  I'nitor: 


l.'i.flOO  Ih  j)iT  a\lo  or  grenlor  1.0 
V_’,.')00  to  l  l.HiMI  Ih  -  0,!1 
10,000  to  V.MOO  II)  -=  0..S 
7,.)00  Id  y,'.)!l!»  Ih  0.7 
hsss  ihnli  7,’i00  III  n.G 


•ire  iHctor; 


single  lire  = 


wnllb  in  in. 

ioo 


axle  lonil  = 
elfnrnine  = 


«ltml  tiro  = 


X  uiillli  in  in. 
100 


nxic  lonil  in  lb 

two 

I'lcnmnco  in  in. 


1)  I  s  (■  r  .s-  s  IONS 


P.  BRINDEAU. 

Miiiisuiir  le  .l/e.-SiViir.^, 

Jo  Ictioitc  XIoit.sUnr  Jnoksim  jimir  IVNiolIcnt  r.Ti«pi>rt  tpi’il  a  prosonlo.  Jo  lions  a 
signnior  quo  paiiiii  los  olinlos  il’nrilro  pralapio  rpio  mms  nvems  faitos  on  Kr.Tiue,  nons 
lions  sonimo  posi's  nn  prolilonio  nnalognr  a  oolui  ipio  sVst  jiosi'  I'Kiolo  ilc  Vicksburg, 
mais  ilaiis  an  ilonuiiao  uii  |ioit  partioiilior. 

II  s'ngissnit  pour  inais  ilc  iliMinir  ilnn.s  rpirltos  ooinlitions  un  avion  ponvail  sc 
poser  sur  nil  terrain  nnliirol.  l.orsqno  jo  parlr  il’avion,  il  s'ngil  Jn  «  N’ord  2"'0(i> 
ilont  la  olinrgo  dti  train  irntorrissago  i-st  <le  20  tonnes  sur  deux  roues.  I’onr  oc  faite 
nous  nvolii  ulilisd  tin  pinu'lroinelre  '•  'sXne  —  do  in'm''  ancle  quo  lolui  utilise  a 
Viokslnirg  —  niais  Imsd  siir  iiii  priiuipe  un  pen  dilfi'vont.  L'enfoncomoiit  du  oone 
s’obtient  il  I'liide  d'une  masse  l'rn)ipnnle.  exaoloiuent  00101110  jioiir  1111  pilot,  on  evalue 
rindi<-o  lie  i-onc  juir  la  qiinnlild  ilo  kilograiumolres  qu’il  faiit  pour  ont’oiioor  la  pointe 
dll  is'tne  do  10  0111.  Nous  avoiis  done  on  Fianoo  un  imliio  do  louo  qiii  osl  pou  diirdrent 

do  oolui  nlilise  par  Vioksluiig  ot  <pii  par  iiitliiiis  a  )iii  oirc  rrdtailio  a  rindioo  C.P.R. 

utilise  dans  la  loiliniqiic  roiitiere.  Nous  nv<*iis  I'ait  cn  qili'lques  annois  do  tros  iioinbro'ix 
es.snis  ct  iiiaiiitoManI  il  Osl  possildo  nvoo  loiilr  rliniuo  do  rdussilo,  d'lilloirir  ol  do  di'eollor 
sur  le  terrain  roionnii  a  priori;  on  ollot,  il  no  s'ecil  pns  seidonuMit  d'litloirir,  il  fant 
oiuore  quo  Ic  terrain  tilTrc  nno  rosislniioo  b  ravunrouiciit  siillissiiiuiuont  foible  pour 
perniottro  Ic  doiollago  do  I'livion  snr  sol  nninrol.  I’liis  n'l-i'iinuont  nous  aviuis  utilise  lu 
nionio  Iceliuiq  10,  iivoo  los  iiioini's  iippiircils  pour  otiidior  los  pussibildos  d’dvoliitioii  dos 
vdliioidos  luililiiiros  sur  dos  terrains  varies,  n  failde  imitaiire,  o'ost  ii  dire  iivco  indivic 
C.H.K.  inlorioar  ii  1. 

Je  louais  siiupli'inont  a  sienalor  ocs  otiidos  ot  In  toiidaiuo  quo  nous  uviuis  ii  rnttnelior 

los  donnbos  roiirnios  par  dis,  apparoils  lols  ipio  lo  poiiol roiubtros  niix  doiineos  oblonnos 

.avet  lies  luatdiicls  plus  importaiits  I'indieo  t’  H.lt.  par  exeinplo. 

E.  LEMKE  —  /liiiiiiilisi  einiiial  liilto  ioli  don  lloirn  vort rucendeii  /u  s;ijr,iu  vie, 
in  dem  Tall  dor  Heol>.a(htiin);on  in  l'S.\.  die  laiiico  dioser  uns-.eu  .Taliroszeit  tatsdcldirh 
llegt,  und  ivic  ini  oiii/.oliion  ilio  I'liil/.c  lieolmeldot  iiml  iiiisgcwiililt  wiirdon.  Ms  wiirc 
miiglioli,  aiif  Griind  von  ninloiikartoii,  typisobo  Slolli'ii  tiir  bostiiuiulo  St’cuboroielie 
ftusz.usiielicii:  os  wiiro  aitf  dor  aiidoion  Suite  aiHli  lii’iclirli  widdlos  ilic  fslillen  zu 


ni’lnnon,  ulme  Hiuksichl  >lnrn«f  ob  sic  nil  Orciire  ixlor  im  iunorL'ii  Bcrcich  ir^ad 
oiiiM  Hoiloniyps  lingon. 

l'n<l  (Iniiii,  (lie  iimlorc  KrAgc:  ob  Iiomifs  in  pTris.srrrr  Znlil  fortlniifcndo  Hcohaeh- 
tiiiiircn  pun/,  bpstiininirr  lypisi-lior  SSolleii  von  T^oilcnnrlen  vurpcnoninirii  wortlen  sind. 

Zii  dcm  SclK'iun,  ilns  ini  Vorfrnp  X.  24  niit‘  TulVI  2  gcgclKyn  wiinlp,  sind  also  cine 
Hoilic  von  nrnpjii'n  nnfgcsfollt  wordon  —  n,  b,  n,  d  —  und  diosc  sind  ITir  nn-wrc 
illicit  nnssprordontlii'b  wiilitip,  ninl  .■.idir  inloi-cssiint.  Ks  wnrdc  nlior  I’iir  die  prnktisclic 
Arlu'it  im  rtctiiinV  sobr  niUzli«-lt  scin,  vvonii  n  ir  dioso  Abpn'iuuiiKcn  r.wisi'lipn  dirsion 
Hodc'iipiuppcn  gomiucr  wiisslon,  cfxvn  in  oint'm  Mi'ssnnpsilrricfk  niit  den  Eeken :  Ton, 
SclilulT  iiiid  .‘iiiiid.  Irli  xviirdc  os  bopriisxii,  wenn  bior  cine  Znsummoniirboil,  in  I'nlcr- 
sliil/.iinp  iinspior  ArlH'it  dun-li  dns  KorMlmnpsiiisI iint  in  Viokslnirp,  /.iistniide  kanie. 

Doiin  mini  .sii'lit  klur,  duss  oino  (iriippc  niil‘  ilor  Sniidooko  stobt,  die  Oinpiie  a)  dcr 
voiiicn  Sumlo,  ilio  Krupo  ist  nnr:  wio  xvoit  rciclit  dies  SundgTiippe  pogon  die  Tun-  nnd 
SolilulTockn  bin?  !iii  iiliripoii  isl  kliir,  diiss  die  liron/.c  dicsiT  Siindgriippc  iiiobt  fiir 
die  xcrscliipilonru  Ivurngrriizcn  dis  Siuidos  ploicli  ist,  soiidcni  init  Alinolimou  dcr 
Korngren/.o  dos  Sandc  in  die  .Sundoi  kc  biiioinsc linnnpt’t,  well  jn  dor  Rninl,  niit  nbiioli- 
iiiondrr  Kiniigion/.i',  siUist  siib  doin  SrblnlT  niiliovl;  nlso  znin  IWisiiiil  Ikm  Klciiir-and 
sclir  vicl  klcinor  vein  si^lllo  ids  lioi  flrolisund.  Es  ist  nnr  die  Krnpe:  \vio\  iclc  (iruppen 
muss  inun  dii  niitprsolieidoiif  Kivvn  nnr  oino  (iinppo,  die  don  folnon  Ins  niilfoll'einon 
Riind  iiooli  oinsililicssl,  Ins  ziini  iiiiibsiiinl?  Odor  nni  b  inelirf  Ks  ist  niimHoh  in  die»<.>r 
(i ruppioniiig  nur  vmi  (irnlMind  nnd  Kios,  nut'  dor  oiiioii  Seito,  nnd  dnnii  oIk'Ii  vi'll 
Foiiisnnd  null  Kolli'Uintpoiiiisibon  pi-sprnolion;  I's  libit  dulM'i  dor  I'obeipnnp  Miltol- 
liis  Clrohsiiinl,  >Iiltol-nnd,  Fein-  bis  .Mil  tel  loin,  die  solir  biinlig  vorkinninon  nnd  da  cOcn 
inuli  nil-lit  bi'iiitoilt  sind. 

Unnn  cin  xvoilour  Hinwois.  In  doiii  /.ulet/.t  po/.oiplon  Rrlioinn  .stobt  /n  untorst  dcr 
Tnrf,  nnd  diuiibor  .sind  die  «  ruling  ouiio  indexes  »  gegoluii  wnrden;  ieli  M-ldir.S'C  diirnus, 
diiss  dor  Tint',  uls<i  dus  .Mni.r,  init  dem  Kegelp.'iiel roniftor  goleslot  worden  ist.  lob 
spnube  selien  vinlior.  du.'S  wir  in  Irookoiiston  Zeilen,  bei  .\iisbildnng  .stiukor  Iruuondor 
Dookon  nut  Tort,  zu  ni<lit  idigeniein  vorv'oribnvrn  /.nlilon,  mil  Ihll'c  des  Kegclponolm- 
nioler,  gokoiiimon  sind;  Znldon  die  !  issiinders  niolit  iiberoinsliintiien  r.iit  dom  Fnlirverlinlton 
.se'iiworor,  inolireror  .’ebner  Toiiiut  MiegomUr,  Fidnveiigo.  Also,  die  Fr.igc;  ist  dcr 
Tint'  init  dem  Ki-gelponolroinoti-r  goio.-iot  wordin.  nnd,  .sind  ilu  Sibwi(riglvoil*ii  auf- 
getroleii?  .^n  .sioli.  in  nor  iiiis.'on  .Iidite.szoit,  i'iir  die  dii-se  (illedi  ning  gdt,  onvuito  ioli 
dioso  .Sole.vierlgkoil  nnr  vini  dor  tobenden  Vogt  tut ii.nsdrcke  nnd  direii  Wnrzidii,  woiiiger 
vun  der  .Si-biold  die  z.ii  xvoiiig,  eder  xvoiiigor  ids  niniind  W’ussei-  onlbiilt.  Dr.s  Hi!d  xvird 
viol  exlroiiior  xvonn  di-r  Tert  im  Irnekonen  Znstuiid  betnn-litot  vird,  \M>t'oi  sub  id>i> 
dio  .Mimic  idiidii  li  oiiiom  Fiielior  nuseinundorl'idK’n  wle  os  <iip  M inei ulbiideii  im  im.-son 
Zusliitid  maolion;  dio  idso  im  Inukenoii  Ziistnnd  im  Gnindc  geinunmeii  idle  sii-b  glcioli 
vorbidlon,  mid  im  iiassoii  Ziivluiid  niitblaltmi,  dus  solbe  tut  dns  Mnor  im  tiiukciidon 
Ziisliiiid,  edor  nmli  mull  ini  tnakoi’Cn  Zn.staiui.  Dnnii,  zu  dioH'm  .^rlionio,  il.is  im 
AnI’satz  \.  24  gi-gobeii  uiirdo,  ist  os  in  nnimlicr  lliiisu-bt  im  tioi.lmle  xvicbtlg  tins 
I’mlll  dos  Hedoiis  zu  boliaibleii,  das  sioli  bis  iiii  diosc  gi-riiigoii  T'icl'oii  voii  IiO  cm 
iuiswiikt;  wulioi  j.i  dor  lloir  vorl ragoiulo  vmi  tier  kritisober  Sebiobt  \oii  13-dO  i-m 
—  odor  G-12  Zoll  —  gesjiredieii  bnl.  lll  dieser  Tiet’e  liegen  ina s-getu'ilde  (Jreiizrn  hoi 
tleii  Ibidon  tlio  veil  ebon  bi-r  llumiisgebiillo  eder  lIuMiuvaul'agrn  liebeii;  Ivsoiidcrs  iin 
llaililli'gendeii  lielande  .Milieleiiropiis  veii-boii,  bis  in  2ft  on;  Tiofe,  .aut'  .'olir  gre.-sou 
tiet'gelegem-n  eliem-it  Fbiolieii,  bebe  1  Ininnvgo’.mile  bis  13 ‘T  —  'vir  m  niioii  .sie  »  ^ 

mid  stuik  «bnniusi  bei  miseieii  HiM’.emini'mdiiiioii  — ,  jil.-er  daiiiber  liinans  am-Ii  n-u-li 
III!  Miuir,  leihxelsc  bei  niolit  giiisseior  Tiofo.  13-;10 'c  erg  niisolier  Gelinll.  nnd  os  ;,ibt 
aiiob  Till  fc  die  iiioli-  iniiolil  igi-r  sliid,  die  f-iiolicr  liegen  als  AO  oin.  Die  iddiohen  rlixloii- 


—  — 


knrtrn  Imhcn  viclfncli  T»*rl'|fron»m  niilit  gr/.piRt,  mid  nmn  imt  dnnn  viollcioht 

vcmiiifct  Jcr  Torf  ^nlrc  srlir  hIkt  iiiis4tc  Aurnalinu'n  r.cigton  dnss  grossc 

KUiiliPH  L’^istirixM  von  Muttirti.  an  *lcii  Uisiuli-rn  die  koine  30  cm  Miiclitigkoit 

crrcivhon.  loh  uiirdc  «lsi»  Inr  nolwomliij  linlton,  ilns-s  in  ilcn  KlMssifir.iorimgi'n,  nclioti 
dor  Auoohoidiiii^  dor  Oroitu'n  in  rinora  I)rcicok,  niioli  diosc  Pn)lilliiMuii),in  Vriiok- 
.siolitijfl  wordon. 

N.  W.  RADFORTH.  —  In  rfsjmn.sc  to  Mr.  I^inko’s  i|iio>tioii&  !  .sho\i)d  like  to 
Mipjost  lliut  Ikon*  Ls  itii  limit  t»»  the  li>t  of  iillrilii'lr*<  ( •.iihjoctivoly  or  nlijiH-livoly  arising) 
liiat  olitainn  for  n  <  I^l^".d^ooli•»o  sy>toni  iH-rlnining  li>  lorraiii.  Siillii  iout  to  MiV  tlioroluro, 
lliat  if  a  ola.->.'iifnaliou  aystt-m  taitilii-inl  or  iiatiiriil)  works,  tlion  it  is  iisoful  and  iloos 
not  loud  to  liiilf-tmUi  «ir  inadisjn  o \.  \Vp  surely  isocd  many  oliissitioatiini  syatojiis  all 
of  wliicli  if  valid  oaii  !>».•  r*K>rdiii:i}tsl.  ('ourdinalitni  lliorofoto,  is  tlio  ni(H'liaiiisin  wliiili 
avoids  uvor-ooin|>lioatioii  in  olas-ifn-ation.  In  lliis  giiiorid  liskt  tlic  sysloni  of  Kaigld 
and  Moyer  is  vnliil,  usi'ful  snd  niiioli  in  in.'o*l. 

I  am  aide  to  <-oiilimi  from  field  analysis  that  the  peuot  lorneter  iijiproaeli  is  nj)jtlin!jlc 
for  p<'ats  ami  imleed  helps  to  dilferentialo  thoin.  It  is  iini'ortant  first  to  elnssify  the 
peats  ami  for  this,  sitrfaeo  «s.ver  i>  usef»d  as  a  n  feri'iiec  indev  whether  cover  is  priiaury 
(iiatiiml)  or  scoondary  (indm-ed  l>y  lire,  liarve-'t int;  or  ngi iealtiin'). 
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Forced-slip  wlieel-aiid-track  tester 

Misuratore  di  scorrimento  forzato 
di  ruote  e  cingoli 


A.  H.  JtKKl  K  -  1$.  M.  1).  ^VII.LS  •) 


ABSTRACT.  —  A  fpecial  purpose  machine  Is  described  which  cun  measure  the 
tractive  effort,  roH'cg  resistance,  and  slip  of  n  ii  idc  range  of  rigid  and  resilient  wheels 
and  tracks,  ft  works  on  the  forced  slip  principle.  In  tchich  the  test  wheel  o-  track  is 
obliged  to  rotate  at  a  conlrottcd  slip  bp  the  unicinJing  of  a  wire  rcn.e  from  a  drum 
which  is  geared  to  the  wheel  or  track  under  test. 

The  input  tongue  and  output  thrust  are  .siiiiphj  measured  ns  they  are  a  function 
of  the  forces  exerted  by  the  toicing  tractor  and  the  cchle.  Jnstn:rr;cntc.iir>n  is  accordingly 
simplified.  The  rcMchine  has  the  virtues  of  icrscitihip  and  simplicity  at  low  cost. 


1.  -  Introduction 

Rf«onn*li  into  tniotive  pt'i‘foiiii;iiicn  rolling'  ii sistnnee  icquiiTs  tlie 

ti'.stiiiK  of  II  wtdo  rjiitre  of  rijrid  nml  irsi!i<  iit  whci-ls  iiiul  ti’nck-^,  jdxI  is  liu'ilitnted 
by  iisiiiK  a  siiaial  purj'o.M?  iiiacl-iiu'  r.ithi'r  tli.in  normal  voliialo.s. 

To  rvaluntc  tlio  pn  birinnimo  of  tlir  i  r.  ar  wlu'cls  on  an  ordinnry 
vrhiolo,  ono  inn.>t  iiha'iU'O  tlu*  input  t<>vi|iio  to  tlia  wlncls,  nlliwino  for  tlio 
rollinf;  rcsi.stanco  of  tlir  front  •.vliools  ainl  rvr.limto  tlio  load  transfer  efl'i'cl  due 
to  tile  draught  fores'  applii.-d  by  Ibi'  luidi’i;.'  ear.  ^.le|!|0(i^  .-ipparatiis  liaso 
been  ovoIm'iI  to  tntasiire  tbeso  variabl.s  l.mt  tin-  apimiatus  has  al\va\s  Ix'en 
e()inii!ieati.sl  and  ninvi."ldy  and  tbe  results  olitairiaMe  only  after  loiifjtliy  eo!n]ni- 
latioii.  To  do  this  for  a  number  of  'viieil  ami  trr.ek  .siws  ^vould  rrijuire 
iiislrnmi’iita'.i'jn  for  .si'veral  typc.s  of  iiaetois,  inaliinq  a  re.soareh  jiroit'-amino 
of  this  type  quite  iniinaetieablo. 

Ftill-scale  aii<l  loi;i;-ferni  research  into  wlicel  atid  track  pc rforniance  in  the 
field,  therefore,  reiiuiis  s  a  spco'iil  in  u  l-inc.  .\  siii-:!c  win  cl  tc.stcr  fur  t'li.s  purpose 
wa.s  de.siRneil  and  built  at  tbe  National  institute  of  A  gricultural  Kneinecrinp 
in  1050*.  This  niacliine  applies  a  eontroilcd  tonjne  to  the  test  ivheel  by  iiicans 
of  an  electrical  transmission  and  measures  the  i esuli iio'  slip  and  thn’st.  The 
inneliine  works  well  btit  is  limited  to  lim  tesiiny  of  wheels,  a.s  it  is  not  easily 
adaptable  for  luc  witli  tracks.  It  is  also  of  eoaiplicated  de>i;  n  ami  e\]K'n.sivo 
to  make.  The  farai  tractor  on  which  it  is  liased  e..:uiot  be  ii.;-,(i  for  other  work. 


)  KingV  CuJIegt*,  I'uiversitv  of  J>tjrhn:M,  Nvvin>tle  ujHin  Tvno,  V.K. 


A  fiill-sojilc  laJwratoiy  test  rig  in  use  liy  Jlr.  F.  Ij.  UfTelmnnn  at  the 
KiRlitiiiR  Vehieles  Kesi-nreh  nml  Develcpiiicnt  Kstablishment,  operates  on  the 
foi'ei'(l-slip  jiriiiciple,  wliere  slip  is  eontiolleil  nitd  trae'iive  effort  and  torrpie 
input  arc  the  measured  variables.  The  niiiehinc  (loscril)efl  here  is  a  versatile 
vci-sion  of  this  ri*;,  intended  to  take  a  wide  ranee  of  wheel  and  rigid  and 
resilient  traeks.  and  eapable  of  testing  them  in  a  wide  v.ariety  of  fic'ld  eondit'ons. 


2.  -  The  principle  of  the  forced-slip  tester 

2. 1)  Slip.  —  The  test  wheel,  of  rolling  radius  «  r  ».  has  a  eoiieeutrie  slip 
drum,  of  ratUus  «  a  >,  rigidly  attaelied  to  tlu'  ^vileel  axle  as  iu  fig.  1.  Wire  rope, 


MollON. 


Klg.  1.  —  I’oriilivi-  slip. 


wound  around  the  slip  dniiii,  is  led  off  ami  aiieliored  helniul  the  wheel,  whieh 
is  then  pulleil  forward  hy  a  wiuelt  or  trartor.  The  distaiiee  ino\ed  forward  by 
the  wlieel  in  one  revolution,  eipials  the  lengtli  of  eahle  unwouml  from  the 
eireuiufereiiee  of  the  .slip  ilrum,  Ineause  tl'e  drum  is  oidiged  to  rotate  witliout 
slip  on  the  wire  rojie. 

2  TT  r  —  2  77  a 

.Slip  I 

i.e.  i  -  1 - -  (1) 

r 

As  €  r.  »  deereases  the  slip  tends  assyintotieall.v  to  100  and  as  «  a  »  iuereascs 
tow  ards  «  r  »,  zero  slip  is  appriiaelie<l. 

2.2)  Skid,  or  negative  slip.  —  If  «a»  iieemaes  larger  tliaii  «rT>,  as  iu 
fig.  2,  and  tlie  rope  is  aiieliored  iu  front  of  the  wlieel,  the  eahle  will  he  wound 
on  to  the  dniiii  ns  the  wlieel  is  pulled  forward;  l•l■sulting  in  negative  slip  or  skid. 
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c  Wu »  is  the  rotling  rc^istanre  tunjiie  and  some  workers  may  care  to 
convert  this  to  n  notional  horizontal  retarding  forte  acting  at  the  rolling 
radius  by  writing  Hr  =  W'n.  (Combining  this  with  1  and  2  gives. 

R  =  P  - 1)  +  F 

r 

or  R  =  F— Pi  (4) 

The  pinvcr  itiptit  to  the  tcsh'r  is  tlimiigh  tile  towing  traetor  via  the  force  F, 
and  it  is  entirely  devoted  to  oveix-oniiiig  tlie  rolling  and  slip  los-ses  of  the  test 
wheel  or  track,  since  no  useful  work  i.s  done. 


F» 

Power  iniiut  =  - 

.'V50 


rv  -  (Pi  I-  K)  (r>) 

rio 

2,  ■))  Theoretical  force  relationships  for  the  forced  elip  system.  —  The  use 
of  llie  tester  at  high  slip  vr.hivs  is  limiled  b.v  the  iinir.iniuoi  poll  which  tlic 
lowing  traelor  can  devi'lop.  It  is  tlii  refoie  iiniioilaiil  to  determine  tlie  relation 
Ik-Iwccii  F  and  L  (and  P  and  L)  in  order  to  olitain  the  limiting  .slii>. 

From  csiuations  1,  2  ant’.  3  tve  obtain. 

r.i  R 

F  = - + -  (0) 

1  — i 


Ft  (lUalions  I  and  3  we  obtain. 

L 

p  - - 

1  ~i 


Avuniing  rolling  resistance  to  lie  zero  equation  G  and  7  reduce  to 

F  i  r  1 

- = - and  - —  ~ - .  These  have  iK'cn  jdiittcd  in  ilguio  H  and 

L  1  --  i  L  1  —  i 

are  a  fair  ap|<i'u.\iiuatiun  to  the  operating  eoinlitions  when  testing  n  track  in 
field  or  a  tyre  on  concrete  or  tannne. 

The  track  presents  the  Wei’s!  jiossible  operating  couditioiis  for  the  tester 
a.s  the  track  under  test  will  devcloi>  large  tractive  forces  coinp.ired  to  the 
wheels  of  the  lowing  tractor  and  if  say  ."0  'i  slip  is  to  Ik*  reached  the  di’awhar 
pull  developed  by  the  traetor  must  l)c  greater  than  the  tract ive  cli’ort  developed 
F 

by  the  track.  ( - >  1) 

Traeklayei-s  under  normal  iiidustri.d  and  agricultural  ooiulitions  work 
at  vi’i'y  low  hp  values.  Usually  not  e.'ieceding  20 'r.  Worldrsg  on  loose  sand 
in  the  field,  with  the  Bristol  track,  slip  value.s  up  to  27  li.''.vc  been  roaeliLsl 


with  the  ordinary  wlicclctl  tractor,  but  iisin;;  dunl  rear  wheels.  TItis  slip  ninge 
would  be  quite  nde<tunte  for  normal  track  trstiiig.  However,  for  research  work 
it  is  u.Hcful  to  explore  higher  slip  ranges  and  this  can  easily  be  iittnii  ■  by 
Using  two  towing  Iraetoi-s  or  by  fitting  half  treeks  oi-  four  wheel  diivf  the 
existing  tractor. 

The  tester  has  lieeu  designw!  to  oiiemte  with  a  range  of  wheei.  up  to 
an  ir'-dfi"  tyre.  Tyri^s  of  thus  siw  are  used  on  the  rear  wheels  of  the  towing 
tractor.  The  weiglit  on  tlie  te.st  whwl  is  aivproximntcly  ecptnl  to  that  on  oaeh 
rrnr  tiwetor  wlieel  so  that  klcally,  for  no  ixilling  rc.sistanee  the  tester  should 

K 

operate  up  to  .slit»  valiums  determined  by - —  --  2.  (upprox.  05  '/c  slip),  this 

\i 

it  does  on  a  hard  gyound  (tamiar  or  eonerete)  test. 

The  efTeel  of  rolling  i-eslstancc  is  to  inerea.sr  the  pull  requinil  from  the 
towing  tractor.  It  has  been  oI»s«t\-«s1  from  piiblisln-d  reports  of  tests  on  agri- 
enltural  tractor  whis'I.s  that  tin*  highest  rolling  re.sistanee  is  eMeonntei'cd  with 
steel  luggvsl  wheels  in  .soft  gioniul  and  here  the  resislimeo  may  1h!  as  laueli 
as  ii  third  as  great  as  tive  inaxinnint  drawh.ir  pull.  The  doited  lines  in  figure  8 
liave  been  ealeulated  fttr  siieb  a  imndition  an.,  it  will  be  ob.serve'.l  that  the 
inaxiiuuai  slip  oblaiiialdc  is  leiluccd  from  05  </c  to  50  '/c. 


t  -  The  dtiign  of  the  tester 

The  niaeliine  as  shown  in  figure  4.  has  hren  designed  to  Ix'  pulled  by  any 
40  to  50  h.p.  farm  traetor.  It  i.<  coniueted  to  llie  tiaefor  by  the  standard  •>  js.iiiit 
linkage  an»l  intiviihd  solae  eovinterbalaiu-e  Weiglils  are  addl'd  to  tin'  front  of 
the  tractor  the  liiaehine  ran  W  lifted  on  llie  linkage,  and  the  whole  oiiitif  is 
then  very  inanoenvralile.  The  tnutor  is  not  permanently  fi.sed  to  the  tester. 
It  is  used  foi’  eitltivaliiig  the  test  plots  hrlwceii  e\])erimenls  and  is  availalile 
for  otlier  Work  when  testing  i.s  not  in  progri.ss. 

Tlie  maehiite  eonsivis  of  large  wehhsl  reelangnlar  Inbnlar  frame.  Tlie 
main  knver  lnl»e  is  very  long  and  lieeaiise  it  is  one  .sided  .uid  ]>roviiled  with  a 
rontinuotis  row  vif  holt  Irnhs,  it  is  I’asy  to  Irilt  vui  wheels  of  diiVerent  r.ir.i's.  and 
trains  of  wheels  or  variona  types  tif  Iraeks,  'Vhe  tulie  will  take*  the  phu-e  of  the 
track  frame  of  a  rigid  t\pe  iraek  or  the  veliiele  tinil  in  the  case  of  a  ii  ..’leiit 
track.  The  fiont  of  tlie  frame  widens  out  to  fi'nn  the  tiiniigle  tnaded  lor  the 
3  iioiiit  linkage  attaehing  imiuts. 

Tlie  vlrive  drum  is  niountiHl  at  the  lop  of  an  «  .\  >  frame  which  is  weldi  d 
to  the  main  tnlm.  The  rojM>  comes  off  the  drum  down  to  a  tail  jiulley  mar  the 
gnninil  ami  a’.v.i>'  to  the  anchor.  This  iiosilioii  for  the  drive  dnnit  has  Ici'ii 
elios*'ii  to  keep  tin’  centre  of  gravity  of  llie  niaeirme  forward  for  ra-’c  of  lifting, 
and  to  give  a  nniforin  pis’.ssmv  vlist  j  ibulion  lUi  a  track.  It  is  hipli  up  ?-o  th.it 
it  can  clear  the  largest  wluel  Hint  it  is  anticipated  using  oii  the  te.-ier. 

Two  diheivnl  diiinns  have  been  jvrovided,  eaeh  di'uin  being  aj'iu-osini.-.i'ly 
coitieal  in  I  'n  jm,  with  the  ottl.siJe  diameter  iiureasiii  i  in  5  separate  st'  ps. 


T 
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The  drum  is  coiinoctod  to  tlif  \vh«‘l  or  track  spiwkct  Iiy  a  1"  pitdi  chain 
drive.  Six  sprockets  arc  itvailahlr  for  this  drive  and  by  difTcrciif  nrrnngcmcut.s 
of  pairs,  twelve  differt  ‘  drive  ratios  arc  nvniinbic.  Figure  3  shows  the  slip 
j  range  wliieh  is  avnilidjle  using  the  two  different  drums  for  ma-xiinum  and 

j  •  miniminn  gear  ratio,  The  other  ten  ratios  eomnletely  fill  the  intervening  .space 

i  Ijctwccn  the  curves  shown  in  the  two  graphs  of  figure  3.  The  close  ratio  dimm 

has  been  pisividtsl  for  use*  with  long  tmeks.  On  such  a  trark  there  is  a  very 
great  inerca.se  in  tractive  effort  for  quite  small  inereineiits  iu  slip. 

The  driuns  are  free  to  I'otalc  on  their  shaft  hnt  can  lie  eonplotl  to  a  driving 
j  plate  on  tin-  .sliaft  by  a  simple  sj»ring  loaded  pin  to  enable  them  to  drive  the 

I  sprocket.  When  the  eon]>ling  is  di.seoniietted  the  drtnn  eati  !x‘  tnrmsl  by  hand 

i  and  the  cable  wound  on. 

!  When  a  wheel  is  being  testisl,  the  three  liiiks  of  the  3  j)oint  linkage  arc 

in  nsc  and  provision  has  Ir'cii  made  for  adjusting  the  link  i)oints  on  both 
the  tractor  and  the  tc.ster.  The  links  aix*  kept  parallel  and  horizotttal  so  that 
no  load  liimsfcr  takc.s  place.  When  the  traek  is  in  ii.se  only  the  lower  links  arc 
used  so  that  the  track  is  free  to  pitch.  In  this  ease  the  lower  links  aio  kept 
;  as  low  as  possible,  and  the  height  of  the  tail  pulUy  from  which  the  cable  is 

1  taken,  is  aiijiisted  so  that  the  load  transfer  effects  at  front  and  rear,  approxi- 

;  mately  ciiiicel  ea<‘h  other.  The  aetnal  weight  ilistrihution  during  the  test  can 

!  he  easily  calculated  from  the  values  of  the  forces  and  the  height  of  the  links 

and  cable. 

Kor  a  skidding  test,  a  low  gear  ratio  is  eliosen  and  the  wire  rope  is 
brought  off  tin?  top  of  the  drum,  round  the  tail  pulley  and  along  hcneatli 
the  towing  tractor  via  the  guide  pulleys.  A  reeving  device  i.s  provided  so  that 
the  cable  is  wound  neatly  on  to  the  ilrnnis  without  any  overlapping. 

Tile  very  best  wire  lopc  Ilia*  it  was  possible  to  buy  has  been  cho.sen  in  order 
to  minimi/.e  the  weight  involved  and  to  facilitate  the  li:’.ndHng  of  the  conside¬ 
rable  lengths  reipiiied.  It  is  a  o/lli"  dianuter  galvani/.ed  aiirraft  eontrul  cord 

with  a  niiniiniuii  breaking  load  of  S,,S00  II).  A  slu  ar  pin  set  to  fail  at  ti,000  lb, 
is  provide<|  at  the  anchor  end  of  ti)e  rojK'  to  piwciit  it  hi'caking. 

The  tiiiehor  for  tlie  fixed  end  of  the  wire  rope  is  recininsl  to  withstand  pulls 
I  of  Uj)  to  G,000  lb  and  must  he  rea\lily  niovahle.  A  suitable  device  has  been 

I  lirovidisl  by  filling  a  Ijiind  Ifover  with  two  large,  Iiydranlienlly  actuated  .s])iags. 

;  The.se  siire.gs  ai'e  forced  into  the  ground  and  the  Laml  Hover  lifted  up  on  to 

}  them.  In  this  way  the  whole  of  the  weight  of  the  [./and  Hover  is  applied  to  the 

I  iineliors  so  that  the  inaxiniuin  use  is  made  of  the  frictional  ooaipononl  of  the 

1  strength  of  the  soil  beneath  the  anchor-.  The  recording  inslrmncnls  arc  housed 

I  in  the  Land  Hover  and  eoimcettsl  to  the  tester  by  long  trailing  cables.  It  also 

i  carries  n  large  and  powerful  Hiv.niuler,  which  is  used  with  the  veliielo  jacked 

i  ni)  to  ft)rin  a  stable  base.  'I'lio  Land  Hover  also  j)nll.s  a  trailer  which  carries  the 

tester  and  the  whole  outfit  is,  tluoffort*.  able  to  Iraiisjtort  it'clf  along  the  road. 
The  Laml  Hover  with  sprags  and  recording  instrnmenls  is  .'ihown  in  figure  5. 

To  determine  the  efiieieney  of  tlio  chain  ami  rope  drive  a  steel  vinniicd 


\ 
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whc«'I  is  mounted  on  the  tester  frame  ns  for  a  normiil  wheel  test,  and  the  tester 
is  allowed  to  rest  on  it*  staniLs  bcliind  the  towing  tractor  with  the  steel 
wheel  several  inches  clear  of  the  ground,  as  in  figure  9. 

A  steel  cable  w  ^vound  on  to  one  of  the  slip  drums  in  the  normal  manner 
and  letl  off  under  the  tail  piilK-y  wheel.  The  other  cnTT'of  the  cable  is  attached, 
through  R  recording  djTiaiiiometer^jto  what  can  be  called  the  inj/tit  tractor. 

Another  .steel  cable  Ls  aiichore<l  by  one  end  to  tlic  i>eiiplicry  of  the  steel 
Imiding  wheel  and  is  le»l  off  under  the  wheel,  forward  under  the  lowing 
tractor  and  is  attnclusl  through  a  m-or.ling  dsiiaiuoineter  to  the  output  tractor 
which  is  used  as  a  luiuliiig  car. 

As  the  input  tnictor  is  driven  away  fisun  the  tester  it  rotates  the  slip 
drum,  and  the  output  Inietor,  exerting  a  specified  load  is  pulled  toward  the 
tester  as  the  loading  wht-<d  winds  cm  cable.  A  calibratiuii  of  all  sprocket  ratios 
over  a  wide  niiige  of  loads  may  be  obtained  in  this  wa^'. 

A  representative  figure  for  the  •'ffieieiuy  of  all  the  sprocket  ratios  under 
vary  ing  loads  in  98 


: 


4.  -  Specification 


The  tester  has  Iktu  de-sigiuxl  to  operate  will'  a  wide  range  of  wheel  sizes 
from  an  iS"-24"  tyro  (rolling  radius  IS.d")  to  an  tyro  (roliing  radius 

27")  and  ;\lso  a  .eorre.'»|K>nding  range  of  rigid  wliecls.  It  is  iilso  possible  to 
operate  with  double  or  tandem  wbt't'ls.  Various  typos  of  track  may  be  fitted  tmd 
Jill  espet iimiit:'.!  rigitl  track  is  in  tise  in  wbioli  the  widtlt  may  be  Viiricd  frotn 
7"  to  10"  and  the  eontnet  length  varied  front  oO"  to  25".  Tiiicttve  efi'orts  of 


7"  to  10"  and  the  eontnet  length  varied  ft  out  50"  to  25".  Tl  iiettve  efi'orts  of 
up  to  2,400  lb  are  po.s.siblc. 

The  ininiimim  weight  of  the  testin-,  levs  tc.Nt  wlteel  or  tiiuk,  is  al«nit  1,500  !b 
and  this  eoiistitules  one  of  the  imtin  limitntiojis  of  the  luaehiiic’s  itse.  The 
weight  eati  of  eour.s<'  be  inerea.siHl,  but  not  reilnci'd.  Tlie  positimi  of  (it  -  ;  cutr.’ 
of  gravity  <(i  tb.e  niaebtiie  can  be  easily  adjtt.sled  b.v  sliding  ;i  ICO  '.!■  wiiglit 
along  the  gantry  projeeting  from  the  front  of  the  maehine. 


L _ 


5.  -  Instrumentation 

It  is  only  necessttry  to  mer.snre  the  eahle  itull,  ititd  the  foree  between  the 
tractor  and  tester,  to  carry  out  a  normal  wtieol  test.  It  was  originally  intended 
that  these  two  forces  sboiikl  bo  nu'.asnred  by  means  cf  bydiMnlic  dynain'.Mnotcr.s. 
One  .such  dyuanuiineter  was  insertetl  l)et\veen  the  fixed  end  of  tl'.e  e.abh?  and 
tlie  anelior,  ami  the  dial  road  by  the  driver  of  tlio  band  iuner.  The  fiunt  of  tin* 
machine  was  originally  t-onneeted  to  the  liaetor  ',i  jioint  linka.go  via  a  lai  -e 
parallel  litikage,  and  the  force  iK-lv-ceii  tr.iclor  and  tv.ster  was  measmad  iiy  a 
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single  liyflraulir  clvniitnuinHer  with  tlu*  dial  i>ii  lo)>  of  tho  linkage.  TliLs  version 
of  the  ninehine  Is  .shown  with  tin  n"-36"  tyre  in  figure  6. 

It  Inter  iHS'ttnie  apiuirent  that  .serious  reseiireli  would  m|uiie  further  forec 
and  stivss  nn'asuring  instruments  in  the  periithery  of  the  test  wheels  and 
tracks  and,  theis'fore,  niulti-ehnmiel  recording  was  essential.  It  was  deeitled  to 
stnndiirdixe  un  strain  g.iuge  triinsdtuer.s  rt'coiiling  on  to  a  6  ehtmnel  direct 
writing  mirror  galviinoineter  recorder  miiniifiielured  iiy  New  Electronic 
I’ishIucIs  Ltd- 


The  tisc  of  .strain  gauge  dyutUiuMtieters  enabled  the  iiiirallel  linkage  at  the 
front  of  tile  u-ster  to  he  rnnovid.  'I'b.e  foree  era-ried  hy  tlie  iJ  point  linlaige  on 
the  tester  is  nuasured  hy  means  of  three  special  laiUileM  r  pins  wliieli  ;„i’pj)ort 
tlie  traetor  ends  of  tlie  linkage.  The.se  j)ins  record  only  ilie  horizontal  euii\poncnt3 
of  the  pull;  tlie  three  l•,Mn]H)llellts  are  eleetrieall.v  added  and  tlie  resultant  force 
Is  reeorded.  This  arrangeiiieiit  has  heen  ileseribetl  in  full  by  one  of  the  wi  iters  ’. 
Tlie  rriiiovai  of  tin’  p;iiallel  linkage  nnade  a  very  great  rednetion  in  the  total 
weiglit  of  the  ti'ster  aiiil  it  was  only  ilien  that  il  w;is  jiussiblo  to  lift  the  innehinc 
on  tile  truett>r  linkage. 

The  rope  fniee  is  nieasureii  by  a  steel  ring-type  .stiaiu  gauge  d.^■|nulnJmetcr 
at  the  tinelior  einl.  .Ml  the  ilyiiantoineieis  ran  be  calibrated  in  the  behl  by  nieans 
of  n  I'ial  gauge  proving  ring  or  deail  weig.lils  and  a  special  loading  frame 
inonnted  on  the  front  of  the  traetor.  This  is  shown  in  fig.  7. 

The  slip  of  the  ti’st  wlieel  dnrtng  a  given  test  ean  ho  ra.bulated  from  the 
radius  of  the  dnnii  in  use,  hut  in  praelice  it  is  prerei-red  to  inoa-auc  tliis  from 
the  d'stnme  moved  forward  in  eaeh  revolution  of  the  wheel.  This  di.taiice  is 
obtaiiieil  very  simply  hy  providing  tho  wheel  ''  itb  n  marker  which  m;i’.<es  a 
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ntai-k  in  the  soil  for  each  revolution.  The  proeetiurc  takes  care  of  any  small 
variation  iu  slip  due  to  kinking  of  the  wire  rope  or  loose  winding  on  to  a 
drum,  or  stretch  of  the  n>pe  under  load. 


ft.  -  Operathii;  procedure 

It  is  necessary  that  ll'.e  test  site  slmnkl  he  tlnx  i'\er  the  leii^ilt  of  a  test  iTili. 
A  norinal  run  x'oveeing  live  slii)  vulue;  retiuii'es  ahniit  -'lO  ft.  if  only  shorti'r 
leiiutlis  iue  availaltle  then  tlir  nuiula'r  of  siijts  [>er  run  is  mhieed  l)y  winding 
a  sliorter  rope  on  to  a  snniller  numher  of  the  difi'erent  drum  radii.  After  each 


run  the  tr-stcr  is  lifted  nnd  backed  slowly  up  to  the  fjoiid  Rover  while  the 
instrument  operator  winds  in  the  rope.  Just  before  reaching  the  anchor  the 
ti'c'otor  is  swung  sideways  nnd  plni-e*!  in  position  for  its  next  run.  The  Land 
Rov-cr  jacks  are  retracted  and  it  is  also  moved  aer«KS.s.  Test  can  be  conducted 
by  ‘wo  men  only. 


SLIP  'it 


yii4.  H.  —  r«»rcc  ar*  h  fiiiictii»n  of  s'lip. 


reforo  Ciieli  run  all  the  dynninimieters  .nrc  zeroed  at  no  load.  This  rcquiro.s 
tlie  separation  of  tlie  tester  and  tractor  to  ensiuv  lliat  there  is  no  load  in  the 
eoiineeting  d  pi*int  liiik;ij;e.  For  j>i>>itivo  sli))  v.alues  the  wire  is  wound  on  to 
the  drum  .so  that  the  test  In-jiins  at  low  slii>  values  and  ns  it  progrcs.ses  the 
eahle  autoni.itieally  runs  off  the  laricr  drums  on  to  tl>e  smaller  ones.  This  ensures 
tliat  as  the  length  of  e.ablo  off  the  drums  ineiss'scs  so  does  the  tension  avoiding 
sagginij;  aiul  re.sultinj;  eontaet  witli  the  soil  surface. 

The  tester  is  oi>erated  at  a  spe».ul  eontrolled  h\’  the  en;:ir.e  governor  of  the 
towing  tr.u’tor.  As  the  slip  of  the  test  wlieel  increases,  tlie  reipiiivil  puli  from 
tlie  tractor  riso.s,  and  dne  to  tlie  slip  of  its  wlicclx  tl'.c  speed  of  tlie  test  is  1  educed. 


7.  -  Conoliuions 


Tlie  niaeliinG  doscrilK-d  hoiv  hits  tiikrn  the  writers  2.V^  years  to  develop, 
ond  during  this  time  the  form  and  niethml  of  operation  have  changed  consi¬ 
derably.  In  its  final  form  it  is  a  simple  mnehiiic  that  Ls  cheap  to  make  with  the 
uutstuudiujc  virtue  of  uccutnnuHluting  a  very  wide  ningc  of  ground  drive  ctjiiip- 
nient.  The  major  limitation  lies  in  the  nite  of  working  which  is  lower  than  that 
of  an  electrically  or  hydraulically  powcreil  machine. 


Kig.  '.I.  —  Triiii^iiiiii.'.imi  efVicicncy  ('nliUrntiiin. 


8.  -  Notation 

r:  rolling  nnlius;  a:  ilnim  rmlius;  u;  hurir.ontal  «ns]>hu'fiiu'nt  of  veiliral  soil 
ooiiiponrnt;  n:  tliaiii  drive  r.itio;  v:  tractor  siMail;  i:  sli]*;  A:  offoetive  drum  radiusj 
W:  weight  of  te^l  wheel;  F:  tractor  lour;  P:  rope  tension;  L;  nett  tuictivo  elTorl ; 
R:  rolling  resistance. 
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Evaluating  and  improving  perfori^nce 
of  traction  devices 


Valutazione  e  miglioramento  delle  prestazioni 
dei  dispositivi  di  trazione 


(J.  K.  Vanukn  Bkihi  -  I.  1'.  Kkju)  -  A.  W.  Cool■^a^  •) 


ABSTRACT.  —  The  forces  acting  on  any  traction  device  using  the  principle  of 
converting  rotary  motion  into  useful  pull  are  discussed  and  defined.  Equillbiiitm 
conditions  are  applied  to  show  the  relationships  that  must  esist  between  these  forces. 
The  concepts  of  thrust  and  rolling  resistance  are  discussed  and  the  assumptions  now 
used  to  calculate  their  magnitudes  are  shown  to  be  incorrect  in  general. 

The  relalive  rnotion  between  a  fracdon  device  and  soil  is  discussed  and  two  different 
phenomena,  designated  slip  and  travel  ratio,  are  shown  to  be  irnportaut.  They  are 
respectirety.  <lj  relative  movement  of  the  contact  surface  of  the  traction  device 
iiith  retpivl  to  the  soil  and  12)  the  actual  forward  travel  of  the  traction  device  with 
respect  to  a  theoretical  forward  travel. 

Hcthods  and  facilities  at  the  National  Tillage  Machinery  Laboratory  for  ftsfintr 
traction  deeiecs  are  presented.  Simidtnncous  ineosute-menc  of  necessary  variables  together 
wi'h  an  analog  computer  and  multi-channel  recorder  tin-  shown  to  permit  calculating 
a  ■(,  recording  instantaneously  the  coeficlent  of  tractmn  and  mechanical  efFiciency. 

Determining  how  traction  is  developed  by  measuring  the  forces  in  the  mutual 
contact  surface  of  the  traction  device  and  soil  is  suggested  as  a  method  of  improving 
traction.  That  these  measurements  may  lead  to  the  optinium  force  distribution  for 
maximum  traction  Is  also  suggested.  • 


Ixjlroiluction 


To  fv.-ihiiitr  llio  porfonii.iiico  of  n  Irailioii  di’v'u’i',  lai-lain  spioific  ol)joc- 
livi-.s  niU't  first  Th-  srt  I'ortit.  Tlio  iniiiiavr  jiurposo  of  any  trarlioii  dovici;  is 
to  lU-vr'-ip  jinll;  ••oiisssim'iitly,  ono  of  llio  oliJr',-1  ivi’s  of  ovalnntiii'j  porfoniiaiioo 
is  to  ficti  riniiic  tlio  pull  capaliilil irs  of  llio  (Irvioo.  In  jiartirular,  the  inaxiiniim 
i.-ill  of  a  ;iiveii  soil  eoinriliuii  nerils  to  he  hninvn.  Situations  often  exi.st  wla-re 
the  niiixiainin  pull  that  a  ileviis-  is  capable  of  ileveloijiii};  is  of  primary  concern 
as  ill  hv.sc  s.iml  nr  :niy  other  coialition  of  low  tra-  on.  In  ollu-r  ease's  wliero 
the  traction  ih  vice  *’iis  the  eapaeity  to  elevelop  the  iK'ee.s,<iiry  ])ull  aiul  where 
it  will  Is’  n-.isl  a  liii"e  inimher  of  liuurs,  elVieienpy  hceoaii's  iinpeirlant.  Tlie 
cffieieiicy  at  wliich  a  traction  device  oiierates  can  perhaiis  become  the  most 
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important  cimrnctonstic  of  tlic  ilrvicr  since  a  sinal!  superiority  in  efficiency 
may  inuke  n  large  oconomiciil  «lifrctencc  in  operation.  The  major  objectives 
of  n  prugraia  to  evaluate  tlie  perforiiianee  of  ti'acliou  devices,  therefore,  sliould 
l>c  to  delerinine,  ^first,  the  niaxhaiim  p\iU  the  traeliou  device  is  capable  of 
devolupiiig  for  a  given  soil  condition  ami  !M>eund,  the  efficiemy  at  which  the  pull 
is  dovehiped.  The  pull  and  efficiency  should  Ih*  deteranned  over  a  range  of  soil 
eoiidilions  and  n  range*  of  operating  conditions  for  the  traction  device.  There  are 
other  objeelives  in  ovnluatiiig  p«  rnninanec*  of  traction  devices,  such  ns  good 
riding  cjualitii's,  dc|)-‘c  hibilit;  ,  h»vv  initial  cost,  iind  low  inaintenaiicc  reiiuire- 
moiits  but  these  will  i.«  t  he  considered  in  this  paper. 

Ill  this  paper,  tiu*  measuri'd  c|Uiinliti<'s  necessary  to  evaluate  a  traction 
device  will  be  difiued.  The  iiu-tiioti  of  testing  iistsl  at  the  Nalioiud  Tillage 
Machiiu-ry  Laboratory,  Auburn,  Alabama,  I'SA,  will  Ik*  dlseussisl  and  the 
lulvaiilage.s  ainl  disadvantages  of  thiil  nietliod  pointesl  out.  Kiually,  diffcrcut 
apprvKielies  for  iuiiiroviiig  the.  pcrforinauee  of  traction  devices  will  be  dlseussod. 


Objectives  tmd  definitions 

The  forces  acting  ou  a  rigid  wind  operating  uinhr  various  conditions 
are  depiited  in  fig.  I.  In  defining  the  measures  of  tlie  pei foinmiice  of  a  traction 
<h'vu-e.  these  forces  must  Im*  ci.nsidered  and  tlicy  appl.v  to  all  traetiuu  devices 
employing  the  priueiph*  of  converting  lotary  motion  into  \tscful  i>nll.  In 
devii'vs  other  than  a  wluel,  the  distrilnilion  of  forees  may  Ik*  diffcivnl  from 
those  sliowii  but  tlie  princijths  to  Ih*  di.seiissed  will  In*  the  same  as  for  the 
whisd.  Note  that  the  force.s  .shown  are  those  that  net  on  the  wheel  only  nud 
to  obtain  overall  perforinanee  of  a  vehicle,  the  iuter.nelion  Ih-lween  vcliiclc 
and  wluel  must  he  coiisideroi]. 

The  forees  siiowii  in  f'g.  la  represent  a  wheel  acting  as  .1  transjiort  device 
rather  tli.nn  a  traction  device.  The  forees  acting  at  tlie  conlael  surface  aiT  shown 
inirui;il  to  tie*  surface  of  th**  wlus’l  where  the  lengtli  of  \eelor.s  represent  a 
po.vsilih*  reasoiiaiiU*  distribution  of  forces.  Neglecting  friction,  the  inoiuenl  at 
the  axle  must  he  -/eni;  therefthe  all  forces  in  the  contact  area  must  ]ias.s 
through  the  axle  so  no  taugcioiol  forces  enn  exist.  From  (spiilibrinni  conditions, 
the  pull  1’  n'ciiitred  to  move  the  wheel  must  I'c  ecpml  in  magnitude  hut  opiiosite 
in  direeliou  to  the  sum  of  the  hori/.oiital  enmiioiicnts  of  all  forces  in  the 
coiit;u-t  area  (rolling  resislams).  Similarly,  tlie  sum  of  llio  vertic.nl  cuinjinMonts 
of  all  forces  must  he  ecpial  in  magnitude  hut  opposite  in  direction  to  the 
weight  eirricd,  W.  The  iv.sultaiit.  H,  of  all  force.s  acting  in  the  cuntaet  area 
must  pass  tlirough  the  axle  of  the  wheel,  since  the  moment  at  the  axle  is  zero. 

I'ig.  11)  dejiicts  the  wheel  acting  a.s  a  traction  device  using  lulary  energy 
Tie  applied  to  the  axle  and  ih’veloping  a  useful  ouliud  energy  I’v  where  T 
rejuxT.eiits  tonpie,  w  (omega)  rate  of  angular  rotation,  and  v  forward  speed. 
The  lorces  in  the  contact  area  are  sliuwn  in  a  i)ossil)le  reasoniihle  disti'ihntion 
normal  and  tangent  to  the  surface  of  the  wheel.  Aiip.lying  eiiuilihrinm  con¬ 
ditions  since  aeeeleratioiis  are  a.ssninrd  to  he  zero,  the  eoinpni'ienis  of  the 
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militant  R  are  again  pn'eist'ly  P  imd  W;  hut,  since  the  moment  nt  the  axle 
is  not  zi'ro,  K  must  lie  Inoatwl  so  that  the  rclatiuii  T  =  Itl  is  sutisfird. 

Rcscaivhers  have  discussoil  the  conwpts  of  tlinist  and  rolling  resistance 
for  various  traction  devices  ninl  values  have  been  reported  for  tractor  tii-cs 
o]ieraling  in  various  soil  cointitioiis  *'*.  Fig.  Ic  sIkovs  that  all  horizontal 


1.  —  KofccM  nclitii;  «»n  n  <*|«frdrnic  (o)  nr*  «  tr»tiw[uirt  tloviro, 

(U)  ns  n  Irnction  «lpvici%  (p)  ns  ii  Irintion  *!*vuf  >lnnsiii^:  It v|n>t hot iiiil  thrust  nml 
rolliiic  rcsislunrr  foroc.*,  («l)  an  ft  frsrthm  ilovioc  '' here  jmiM  is  zoro. 


eoni|ioiients  of  forces  in  tig.  lb  aeting  in  the  direetimi  of  travel  can  he  sumnud 
anti  tlieir  .Mini  ilelined  as  thrust,  S.  Siniilarly.  the  sum  of  the  luM'i/.ental  eom- 
IHiiients  of  forces  acting  ojiposite  to  the  direction  of  trawl  might  he  dermed 
as  rtiHing  resistance.  I'.  Tlinist  is  eiinal  to  rolling  risistaiiee  phis  pull  from 
etiiiilihrinni  eonditions.  That  such  ph.vsieal  ipiantilies  do  exist  in  tlie  eoiitaet 
area  s.eiiis  logieal  when  defiiietl  as  almve. 

Deteniiining  the  magnitude  of  thiiisl  and  rolling  n'sistr.me  is  a  proiilem. 
In  the  past  workei-s  have  nsetl  the  rolling  radius  (the  radius  of  a  theorelieal 
circle  that  will  roll  the  .same  distance  .as  the  wlieel  when  the  wheel  develoiis 
zero  jmlll  and  siiitl  that  tlinist  aeteil  on  a  lever  arm  eiiual  in  magnitude  to  the 
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ruHing  rnd'uut.  NopU'oliug  oonti'ihutioiH  of  vt*rli<'jtl  font's  to  the  riomont 
about  tho  nxK*.  tlirust  ooulcl  thou  Ik*  Ciih-uliitod  by  dividing  tonjiic  by  the  i*olling 
radius.  The  fallacy  of  .such  reasoning  can  be  seen  by  e.xaininiiig  fig.  Ic  where 
S  is  thrust  niul  U  is  rolling  rcsislaiu-c  as  defined  aljove  and  Q  is  the  resultant 
of  all  vertical  wniponeiits  in  the  contact  area.  Each  is  loeatcsl  at  a  possible 
reasonahle  wiili-oi'l  for  the  disliilnilion  shown  in  fig.  lb.  If  tlie  wheel  is 
tLssiinicd  rigiil.  its  rolling  radius  will  llicoietically  l)o  equal  to  the  actual  radius 
50  that  thrust  will  l»c  jas-sunntl  to  act  at  the  vciy  hottom  of  the  wheel.  The 
centroid  of  thrust  forces  must  lie  elosi'r  to  the  axle  as  shown  in  fig.  Ic  since 
the  vertical  distance  below  the  a.\lc  of  nearly  all  of  tlie  thrust  forces  is  le.ss 
than  the  actual  radius  of  the  wlml.  Tlie  lolling  radius  thus  gives  a  lover 
arm  that  is  loo  long. 

In  a  i'iihl»<'r  tire,  the  error  is  even  greater.  Experk’iico  has  .shown  that 
the  |•oHing  r:i<lins  of  a  ruhher  lire  is  closely  related  to  the  ciivninferenee  of  the 
tiiT  and  not  the  aetual  ilistaiicc  between  the  axle  and  tlie  soils  surface.  The 
ilefiections  of  the  tiro  wonhl  Iniiig  the  axle  closer  still  to  the  location  of  thrust 
hilt  the  nilling  radius  would  still  be  .ijiproximatcly  tiic  same  ;is  if  tlie  tire  acted 
ns  a  righl  wlns'l.  Therefore,  the  difiereiirc  between  the  iictinil  lever  arm  and 
the  one  given  by  the  rolling  radius  would  l)e  even  gii'alor  than  for  a  rigid 
wheel.  Unless  the  aetual  h'vcr  arm  of  the  tlirust  forcr.s  can  be  deferiniintd,  as 
for  example,  duiuiig  a  condition  when  no  rutting  occurs,  iieitlicr  thrust  nor 
rolling  iTsistiUiee  can  Ih;  iiceiirtite)''  drterniineil.  Furtlirrmore,  smer  liotli  occur 
in  the  same  pliystcal  area  and  arc  thus  dillirult  to  .scptutile,  perhaps  flieir 

Jiypot helical  existeneo  i.s  a  eonfus^-d  model  of  tlie  actual  forces  oceurring  in 

the  contaet  area 

Be.siilc.s  the  forces  acting  on  a  triiction  device,  tlir  reltitivc  motion  between 
the  device  aial  .soil  must  1h’  defined,  (’misideriibh'  confnsioii  tiiid  arguiiiciit 
have  jircvailed  eoiieerning  the  definition  of  such  motion.  In  the  case  of  a 
niblK'i'  tire  where  lli*.\ing  <if  l■'.lbber,  deforming  of  soil,  anil  twistiiig  or  bending 
of  lugs  nil  oeeiir  siniullancously.  the  motion  is  ]>ai  tietilarly  conliisiug.  Coii- 
eeivably,  relative  millions  of  jiarl  of  a  tire  in  the  eentact  area  could  apjiear 
to  lie  aiding  while  oilier  parts  of  the  tire  :ire  liinderiiig  lorwjird  ti':t\el.  Sueli 
n  idtciiuineiioii  has  in  reality  been  obsiTved  ny  the  authors.  !■  rout  tui  I'oicicncy 
standpoint  and  fiuni  llie  intended  pur|Hise  nf  ;i  tiartioii  ileiire  (dculopiiig 
iisel'id  pull),  the  aetual  distaiiee  traveled  is  of  inimary  eoneerii  leyardless  of 
the  jiiiioiinl  of  relative  moveinent  oeeuning  between  l!ic  miilual  contact  surface 
of  tlie  traction  device  and  .soil.  Two  distiiiel  phenomena  are  tlui.s  of  interest, 

the  relative  movement  at  the  conlaid  surfaees  and  tlie  aetual  dtslaiiee  traveled 

fonvanl.  Tlii.s  p,'i|»er  suggests  reeognizing  tlie  t'co  jilienonieiia  and  alleinpting 
to  separate  them  by  definitinii.  Slip  may  be  defined  as  the  actual  relative 
luoveiiu'iit  that  orcuis  between  the  .siirftU'c  ot  the  traction  ucvico  tiiiil  tlie 
surfiico  of  ill'"  soil.  Travel  ratio  may  be  delined  as  tlie  ratio  ol  tlic  distance 
traveled  with  ti  finite  judi  dcvelojied  to  the  ilistaiire  travrlrd  when  ]uill  is 
zero  for  II  given  angular  rotation.  Tra\id  at  /.eio  jiull  and  at  a  finite  pull 
both  will  clittiige  with  each  soil  condition  and  oiieratiii,;  coiulllic.n  of  the  traelioii 


£ 


Kilj.  'J.  —  Ovornll  view  of  Nnti'mr.l  Tillnsc  Mnrliinery  I,:»l)nriilory  sliowing  foil  bins 
with  loft  til  riyht,  lilhiKo  tcft  jiiit,  fpeoial  trnotiint  tout  P'nitiHiiont  uiiil  stiil  fittitjg  far. 


device.  Tlh’so  dofiiiilittiis  rocogiiizo  tliiit  sliji  iiinl  ti'avfl  rntio  ciiit  li“  i‘.\aotIy  tlic 
same  or  oan  be  widely  difTciTiil  for  a  given  traelioii  tlevice  in  a  given  soil 
oonditioii. 

Tlic  distance  traveled  at  zero  pull  is  tlie  sj'eeial  ojieratini;  etnidtiion  of 
the  traction  device  (icetirring  when  the  stun  of  lioriz.tnilal  forces  eijunis  zero 
(fig.  Id).  .\t  tlii.'i  eondition  input  lorijne  is  just  stti'neieiil  to  overeonte  rolling 
re.'.isti'.neo.  ^Vherc  tnivel  reduetion  is  di  fineil  as  one  ntiiins  travel  ratio,  a 
negative  irttvol  reduetion  would  mean  the  deviee  retiniets  a  towing  force  and 
acts  ns  a  transport  deviee,  A  jiositive  travel  reduetion  indicates  th.e  <b^iec 
tlvvelojis  pull  ami  nets  as  a  traetion  deviee.  Zero  travel  redtiet inn  wmild  llms 
represent  tlie  Irttiisition  point  between  acting  as  a  trnnsp.oit  deviee  and  a 
traetion  deviee.  Soehne  and  I’oek  ’  have  used  tlie  same  definition  o.seciit  the 
term  .-ilip  was  used  v.hero  tliis  paper  inis  suogrsted  1ra\el  reduetion.  Travel 
rcdiielion  iiiul  slij)  defined  a.s  above  are  .separate  ;iik1  distinct  quantities  and 
both  niu.si  be  recognized  in  e\:i!iiating  traction  ilevice.s, 

lOvnlnating  the  pnll  and  efiieieney  performance  of  a  traction  device  thii.s 
involvc.s  nicasnrin.g  tlie  imll,  '.ori|ne  input,  hnul  earvied,  fonvrird  slued,  and 
am  iilar  rotation  of  tlie  lon|Ue  injnit  at  various  degrec.s  of  travel  vciTuetion. 
The  niagiiitiule  of  jnill  imd  the  efiieieney  at  wliieli  tlio  jotll  i.s  d.'vclopcd 
characterize  the  perforiinniec  of  tin-  device,  hlflieianey,  as  ha.i  hccn  inq'lied, 


K  (J.  ;l.  —  SpffinI  Irr.vlion  liMt  o<t»i|inu'iit  ••howin;;  iletRilr-I  c*iii>lruction. 


is  llu'  fntio  of  dulput  ciuTj'v  l*v  dividcil  by  fiUTpry  T.«.  Since  liic  pull 

n  t  met  ion  device  di’vclops  is  directly  rcbitcd  to  li«d  carriisl  amd,  since  in 
most  present  testing  <lcviecs  the  phenoniction  of  weight  transfer  occurs,  the 
eoollicicnt  of  tfiietiou  is  often  used  to  cinirnelerize  the  tmetion  device,  (.’otn- 
paring  the  pull  of  one  device  iigainst  {mother  where  Kuh  were  tested  in  on 
{ipparatus  wlnne  weight  Imnsfcr  occurs  lends  to  a  .slight  bias  since  iiu-triiscd 
pull  onuses  iMciisised  weiglit  triinsiVr  which  in  turn  enust's  more  poll.  Pull 
divided  lay  total  hijid  ciii  i  ied  is  detined  as  the  cotflleh  lit  of  traction  nnd.  nunoves 
niiy  Idas  due  to  weight  tiniisfor  in  the  testing  appnnitu*. 


Testing  facilities  and  methods 

Piinpie  facilities  at  the  National  Tillage  .Maeliinery  P.ilse.-.iictry  (Pig.  2) 
were  es]ieeially  designed  for  testing  traetiun  dciiccs.  Soil  liins  20  feet  wide  aiid 
2'>0  feci  long  are  avjiihihle.  The  special  is|uipment  .sJu'wai  in  Pg.  d  permits  only 
the  traction  device  to  come  in  emitaet  with  the  .soil  .since  the  ti->ting  apparatus 
is  caiTied  on  steel  vails  on  tlie  Widls  of  tlie  bins.  Ibiniise  of  the  control  over  soil 
])i'eparation,  {i  unit'ovm  soil  condition  can  be  obinineil  in  a  given  .soil  bin. 
However,  in  s  it  of  nearly  2.'>  years  of  exprrieius*,  a  soil  iMtnlitioii  which  is 
e.xactly  eipiivfihin  t  a  prrvimis  soil  condition  cannot  1h‘  obt;iincd.  Oblaining 
;is  inueli  infoi  :.,:itinn  per  soil  fitting  ;is  possible  Is  ’.hcrcfoix'  rssentitil.  In  nuy 
type  of  testing  where  spare  is  liniitcd,  in  tni:;  cas*-  .-oil  av;iilablc.  the  maxininm 
ulili/tition  of  tost  area  ciin  be  made  liy  coiitinuno.^ly  and  slowly  changing  oiic 
\ariablc  during  n  test.  Such  testing,  of  course;  rvijnircs  that  all  the  measured 
variables  he  continuously  and  .siniultiineoiisly  reetjcded.  The  only  other  tyjie 
of  testing  is  to  measure  the  de.sired  variables  at  a  sc.-ics  of  eondilion.s  repre- 


soiitiug  dynamic  c<iuilil»riHni.  The  avoiaif'c  vatiios  dm  ing  the  poiiml  of  dynamic 
c«|uilihrium  cfc  dct<‘rininod  and  calculations  jirrfuiinid  on  thcs«*  data  to 
evaluate  the  test  n'sults. 

I’lior  to  the  fall  of  Ifliin,  traction  tests  at  the  National  Tillaf'c  ilachincry 
Lalwratory  -wcfo  conductwl  by  the  latter  method.  In  tests  at  that  time,  the 
travel  reduction  of  the  traction  device  was  controlled  and  the  other  variables 
measiui'd  and  reeordesl.  During  a  test  a  sj)eeifie  travel  reduction  woidd  l>c 
adjusted  and  the  apparatus  idlowisl  to  efpiilihrate  and  records  made  for  a 
short  iM'fiod  of  time.  All  of  the  is*<-onlin<i  charts  were  then  coded  and  the  next 
level  of  travel  ivdnetion  was  adjuste«l  and  the  apj>aratiis  nuain  allowed  to 
equilibrate  and  the  iveonlini'  made  and  charts  emh'd.  In  tliis  manner,  i)rocecd- 
inp  as  rapidly  ns  the  oiH'nitors  eonitl.  dat.i  were  reeortled  for  five  to  six 
different  trav»d  reduetions  in  one  pass  down  the  leiipth  of  the  soil  bin.  In  the 
fall  of  in.'iH.  insti'umenlatioii  was  modified  .so  that  all  the  variahles  eould  be 
measured  eoiiliuuously  and  simnitaiieousiy.  Sinee  the  iiuxlification,  travel  re- 
duetion  is  varied  pradunlly  and  emitinnousl,)'  from  0  Cr,  to  100%  or  the 
laaximnm  iiereeiit  desireil  and.  instead  of  only  five  or  six  travel  reduetion.s, 
all  of  the  values  over  the  lanpe  test«‘»l  are  ohlaini'd.  Furthermore,  three  such 
tests  eaii  he  run  in  otic  length  of  the  soil  bin.  {.'ouseiimiitly,  l)esides  petting 
more  data  p('r  test,  three  times  tin*  luimher  of  tests  can  he  run  in  a  given 
soil  condition. 

To  eaatinuously  ami  siimiltaiieonsly  record  the  measured  variahles,  a 
malti-ehannei,  direet-reeordiug  o.seillograph  is  empluyecl.  The  bjisie  oscillograph 
assembly  is  composed  of  the  neei's.sary  amidifiers,  halaiieing  meehaitisms,  jind 
power  -su]>plies  so  that  the  sensing  Iransdiieers  can  he  ooiineeted  directly  to 
the  osoillograph  as.seml>ly.  Ihill  is  measured  using  an  eleetrieal  ri'sistaiiee  strain 
gage  tension  dynamometer.  Tonpu'  is  niea.sured  using  a  specially  construeted 
liul)  which  employs  reluelaiiee  giige  transdueers  that  sense  the  delicetion  of 
s]>okes  of  the  hub.  The  statie  load  earrieil  by  the  traetion  tlevice  is  weighed  on 
a  jdatforat  seale.  The  haul  ailded  to  the  traetion  de\  iec  lUio  to  weight  transfer 
of  the  tractor  is  me.isured  by  supiiortiiig  the  front  end  of  the  tractor  on  canti¬ 
lever  beams  iu.sUiiimuited  with  eleetrieal  resistance  strain  gages  and  reeording 
the  weight  lifted  off  during  a  test.  Tlie  forward  sjned  of  the  traetion  device  is 
measurisl  using  a  Dt'  generator  driven  from  the  rail  as  the  lest  car  mo\es 
forwanl.  Travel  rrduetion  Is  ineasureil  by  recording  the  ditVereiice  between  tlie 
I)C  voltage  geiu-rated  due  to  the  birwar«l  speed  of  tlie  lest  ear  and  a  DO  voltage 
generated  on  the  tractor  which  is  juoportiojial  to  the  angular  rotation  of  the 
driving  huh.  Through  simple  calibrations  at  the  0  and  11)0%  points,  trii\el 
reduetinii  is  measured  directly  as  n  pereeiitage.  F'ig.  4  shows  n  sehematic 
diagram  of  the  travel  nduetion  meter  eireuitry.  The  zero  ]ierceutage  point  is 
dctcriuimd  when  the  traction  device  and  the  test  ear  are  traveling  furwanl 
nt  the  same  siiootl  and  the  i»ull  oi  the  traeliun  device  is  zero.  Tlie  puteni iometcr 
associated  with  the  rail  generator  (fig.  4)  is  adjusted  so  the  meter  reads  zero 
under  the  above  conditions.  Tlie  100  j'oiut  is  determined  wlien  the  forward 
travel  of  the  test  ear  is  zero  while  the  traetion  device  i.s  operating  at  its  rated 


rpni.  By  mininitiii);  tin."  i)o1<‘ntit>tiiot<T  .‘iNSficiatisl  with  the  mil  ponerntor,  the 
rolling  rndiiis  c.nn  l)o  ifnil  dirwtly  I'njin  the  dial.  Five  .sinniltniicoiis  signals  ni*o 
thus  mrasurotl  Jiiid  recoedoil  on  the  •nulti-ehaiiiiel  oseillopmph :  jnill,  toi'(iuc, 
travel  mluetion.  weight  tmnslVi%  and  forwanl  spej'd.  The  theoretical  rolling 
rndins  and  static  w'cight  on  the  traction  devin'  are  ol)tained  jn'ior  to  a  tost. 
The  engine  rpni  of  the  tractor  is  inaintaiiiisl  constant  and  thus  the  angular 
rotation  of  the  driving  hidt  is  constant  during  a  test. 

By  reisinling  eoiitiimonsly  and  siinnllaneoudy  all  of  the  ineasnrcil  variahles 
during  a  traction  device  test,  other  eleefronic  e)pii))inent  eni\  ho  entployed  to 
sj)eed  data  analysis  and  rodnelion.  For  l•.\anlpl^•.  the  ti-awl  reduetion  and  the 


Fig.  4.  —  .S.'tiemiitic  iliugram  of  Imvet  rc'liietioii  imcut. 


pull  signals  can  Ik-  fed  directly  into  an  XV  plotter  and  a  travel  reduction-pull 
c«r\c  construetiHl  euiiiloyliig  all  <if  the  data  that  were  measured.  ^Yithout 
u.sing  an  XV  jdotter,  travel  reduetion  and  j>u'.l  must  he  mad  at  simultaneous 
tiine.s  from  the  oscillograph  eliart,  necessitating  tint  a  finite  nnml)er  of  discreet 
])oint,s  be  .seleetiHl  so  the  curve  cmm  he  plotitd.  Since  an  XV  plotter  will  t)lot 
all  of  the  ineasiiicil  ])oints  latlier  than  a  finite  nnndier  and.  since  it  eliminates 
the  need  to  critically  ivad  the  mult i-eliaiinel  oscillograph,  a  more  accurate  curve 
can  Iv  olj*nimsl  more  easily  and  (iuieldy  using  this  eijuipmrnt. 

Kven  further  data  reduction  is  possible.  To  compute  the  eflieieney  of 
the  traetion  dcvi«-e,  the  pull,  forward  speed,  and  tonpie  must  be  read  from 
the  chart  at  .sinmlt.-ineous  times.  By  employing'  an  analog  eomjiiiter  properly 
progrnnuned  to  use  the  signals  reprc.-eiiting  the  pull,  tonine,  sjived,  and  angular 
rotation  of  the  driving  huh,  power  it1ieieiie\  will  he  eomi'iited  directly.  As 
with  the  XY  plotter,  all  of  the  measured  data  rati,  r  than  a  limited  numher  of 
selected  points  will  1h'  used.  The  oiitinit  of  the  aiiahg  eom|niter  can  he  recorded 
on  the  multi-channel  oscillograph  chart  w;  that  the  original  data  and  the 
eompute<l  data  will  he  leeoisled  .simnltntr' lusiy  and  euntinnonsly.  Such  a  pro- 
ce<lure  not  ordy  speeds  up  the  data  red  let  inn  hut  eiiahlos  n  more  accurate 
determination  of  maximums  and  minimum.s  and  where  they  oeeur.  For  eM'.niplc, 
maximum  efficiency  occurs  when  the  ]iull  is  large,  the  .speed  is  higli,  aad  the 
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torciuc  is  low.  To  visunlly  inspoct  the  datn  «Dd  dpteniitne  .s\>ph  a  point  is  nearly 
impos-siblc.  I'urlhorinoro,  to  accurntcly  locate  musimuni  officii’iicy  by  calculation 
require.s  a  large  number  of  points  and  considerable  time  and  effort.  Thus  the 
analog  computer  usimI  in  conjunction  with  the  multi-cbannel  oscillograph  can 
giTutly  speed  and  improve  data  analy.sis  |>roctslures.  The  eok-flieicnt  of  traction, 
of  cour.se',  could  also  be  computed  employing  an  analog  computer.  Signals 
representing  the  piill  and  tbc  weight  traii-sfer  can  be  fi'd  into  the  computer 
and  mauipulnti'd  to  give  coefTieieut  of  traction  which  ag.iin  can  be  recorded 
continuously  and  simultiiiieously  on  tbc  multi-cluiuncl  oscillograph. 


Improving  performance 

Two  basic  approaches  .s-oni  logical  in  attempting  to  iaipi-ovc  the  perfor¬ 
mance  of  tcaeliiiii  devices,  Tlie  first  appisnich  involves  the  direct  compari.son  of 
similar  traction  devices  having  some  variable  cluiuged.  The  inagnitudo  of  the 
variable  that  resnlt.s  in  superior  ju'iforinaiiet'  can  tlicn  lie  coiuhuled  to  be 
liotter  but  not  neecs-sarily  best  in  designing  a  Irnelion  devict'.  Siu  ii  an  iipproach 
is  the  one  tliat  lias  most  often  lieen  follimcd  in  dexclopiiig  farm  tractor  tires. 
Studios  of  this  type  were  usc»l  in  delerinining  tlie  efl'eet  of  such  factors  ns 
lug  spacing,  lug  lieiglit,  lug  angle,  and  effect  of  rim  width  '  = Such  an 
approach  can  and  dta-s  Ic.nd  to  rather  ipiiek  results.  However,  the  nietliod  doi*s 
not  niisner  tlie  i|ne.stions  of  bow  and  wliy  each  variaiile  atTeets  the  performance 
of  tlie  Iraetioii  device.  Kiirtlicrinoiv.  llieic  is  no  as.snrancc  tliat  the  tiltiiiiate 
pciforiiianee  lias  been  obtained. 

The  si'coiid  logiial  approaeb  is  to  ilcteniiiiu*  bow  tiaetion  is  dcvelopwl 
tlinjngli  the  forces  wliiidi  act  between  the  traction  device  and  the  soil  in  the 
ititUnal  eontaet  area  as  depietid  in  fig.  1.  Kxaiiiples  exist  wliere  two  similar 
tire.s  carry  preei.sely  l!io  .same  dyii.imie  loail,  ojuMnle  in  tlie  same  soil  condition 
and  xct  one  tire  onlpnlls  the  oilier.  Tlie  ditfcreiiei'  in  tlic  pulls  must  appear  in 
the  different  distributions  of  the  foreos  witliiii  tlie  contact  area.  An  ap]U’oaeh 
for  determining  the  differences  of  jierformauce  of  traction  devii-cs  in  thus 
to  measure  tlie  distribution  of  forces  in  tlie  enntuef  area  ami  dcterniiiic  bow 
basic  factor.s  afl'eet  traction.  Such  factors,  as  lug  hciglit,  or  spacing,  or  angle, 
would  appear  as  din'erciiecs  in  the  stnss  di strilmtioiis  in  the  eontaet  surf.iec. 
The  relatioii.ship  Iv.-tweeii  such  (list ribul ions  .111(1  tlie  (•harmtcri.stics  of  tbo 
Irnetion  device  would  iiiiswer  .some  of  the  hows  and  whys  of  traction. 

The  apiu'oacb  can  be  cariied  one  stcji  lurther.  The  ('listributiou  of  strc.s.sc8 
« desired  »  by  the  .soil  to  give  iiia.xiininn  traction  can  be  determined  exticri- 
mentally.  Knowing  tbc  «flcsircd»  or  o]>tinuini  distiibutioii  permits  alt.'inpting 
to  design  .t  traction  device  that  will  proilucc  that  (listributioii.  Sucli  piocedurcs 
will  result  in  tlio  ultiniiitc  peiTormaiice  of  wliidi  a  soil  is  callable  in  terms  of 
traction. 

Dcteriniiiiiig  stress  di.siribiitions  will  bo  tiinc-cousuiniiig.  With  modern 
advances  in  instrutnent.ation,  however,  tbc  task  will  not  1k'  a.s  formidable  .as  it 
once  appeared.  Jfeasuroments  of  eontaet  pre.ssnivs  or  strc.',ses  novnuil  to  the 
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roniact  siirfuec  have  airvnely  1)ocn  made.  The  work  of  Kraft,  which  was  reported 
by  Sochiie  was  j)i‘rliniis  the  fii-st  attempt.  More  rceeiitly,  work  by  Vandeti  Berg 
aiifl  (Jill'  and  Trahhie,  Ijask,  and  Buchcle*  reported  measurements  made  in 
smooth  tires  and  lagged  tire.s,  respect ively.  While  these  measurements  .have 
admittedly  been  rather  enido^  they  never  the  h-ss  point  out  that  such  measure¬ 
ments  eaii  l)e  sueoessfnlly  made  and  with  the  pi-oper  refinement  will  n*sult  in 
pooil,  vnlhl  diita.  .\t  the  present  lime,  theri-  ap|H'iirs  to  hnve  been  little  suceeo 
in  n\»a.s»uing  tuugeutial  strcssn-s  in  the  etmtaet  area  in  eonncetioii  with  nibber 
tin's.  .\  track  sIuk*  dynainunu'ter  was  designed  and  nsod  by  Itei'd  *  and  is  a 
first  ,Tp|iroaeh  at  mtasnring  the  normal  and  tangential  stre.s.ses  ooetirring  in 
a  track.  Perhaps  the  <leviee  can  lu“  ininiaturi/.«sl  and  installed  in  the  lug  of  a 
rul)ln-r  tire  so  tliat  normal  and  tangential  stn's.ses  ean  ho  simultaneously 
nuasimsl.  Certainly  there  are  other  .solutiuns  which,  when  i)roperly  applied, 
will  |M-rmit  the  necessary'  aieasiireinents. 

Several  possihilil ies  pieseiit  theinselve.s  as  means  of  determining  the  stress  . 
dLstrihiitions  «  desired  >  hy  the  soil,  lailiuratory  models  rejire-senting  tlie  dlfT<‘iTnt 
eonfignrntions  of  traclion  th'viees  ean  Ik-  tested  in  a  model  box.  t^ontact 
pn'ssures  and  tangential  si  reuses  within  the  eontaet  arva  ean  he  simnllaiieoiisly 
iiKasimd.  The  pr.ll  or  drsti  of  the  nmdil  fan  he  measured  as  well  a.s  soil- 
material  friction.  Hy  varying  the  loading  or  normal  pressures  of  the  nuxlel,  by 
simulating  lug  luight  and  tliiekmss  ami  iK'xihility,  it  shouhl  lie  possil>le  to 
ddcrmitie  the  maxiiatini  i>ull  a  soil  is  capahle  of  devel>)ping  wl\ile  in  a  given 
physical  eoiidition.  Only  alter  siicli  in  formal  ion  i.s  availal'.le  ami  traetiou  devices 
an-  eapahle  of  applying  stresses  similar  to  the  r!istvil)tition  c  desiiwi  »  by  the 
soil  will  laii.Nimran  traetiou  Ix'  imssihlc. 
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Scale  mode!  evaluation  of  earth  moving  tools 

Valutazioiie  degli  attrezzi 
per  i  movimenti  di  terra  sn  modelli  in  scala 

1>.  K.  (.’OUII  -  <1.  T.  COMKON  -  J.  I).  Ckxtxy*) 


ABSTRACT.  —  A  test  facititv  is  described  which  is  used  lor  scale-model  studies 
of  earthmoving  tools,  and  test  procedures  are  disevssed-  Models,  inerpensit  clp  constructed 
of  sheet  metal,  are  of  very  small  scale.  A  variety  of  realistic  field  operating  con  "itiems 
can  he  simulated,  through  the  use  of  strain-gaged  loadrsensirg  devices  and  electrical 
controls.  A  standard  soil  preparation  routine  has  been  developed.  Artificial  scils  are 
employed,  using  oil  as  the  moistening  agent,  which  are  more  stable  than  natural  soils. 
Model  analysis  lor  the  soil  cutting  process  is  incomplete,  in  that  the  only  soil 
properties  to  be  controlled  are  shear  strength  and  density.  Distortion  is  therefore 
possible,  and  the  need  is  cited  for  further  work  to  identify  and  evaluate  other  soil 
factors  of  importance.  JlCfults  to  date  indicate  that  earthmoving  processes  are  well  suited 
to  scale-model  Inrcstigalion.  Models  offer  many  advantages,  including  low  cost,  rapid 
testing,  and  reduction  in  variability  of  test  condilioas  and  results. 


Introduction 

For  in.'iiiy  veins,  iiitMlels  of  iiixl  ii-tdiirmf.’  wiills  hiive  used 

to  iiiil  ill  the  foniiuliition  of  ihcoii.-s  to  jirolileins  in  ioil  iiU'clumios. 

^Foro  n'cciitly,  sciile  iikhIcIs  of  Jiotli  ^|•il<•k^•ll  iuul  wliei’lcil  vvliiclcs  Imvc  Iiocu 
C'lUployoil  to  di-toiiniiiv  rchiculiir  iiiol.'ility.  Models  idso  lieeii  used  to  study 

tilliii'c  tools,  v\t  ('iili rpilliir  Ti'iieior  I'o.  siuiill-.seule  models  lire  In'insr  used  to 
sUul\’  perfoiTiiiinee  of  tlie  Noil  en^;ii"in<r  i>.irts  of  our  imieliiju’s. 

Siuee  ii  l.ii>;e  pereeiitiiw  of  our  model  iuudysis  1ms  been  direeted  towjird 
•siieeilic  iiiiieliiiies  williin  our  jiroduet  line,  it  would  lie  well  for  the  ro;ider  to 
Invoiue  iieipmiuted  willi  the  types  of  eiirlluuoviii^  eijuiju'.ieut  produeinl  by  our 
eoini);my. 

I''ij:ure  1  shows  a  traek-iype  traeloi'  nper.il  in;.:  ^ei^b  :i  buildu/er.  It  is  olio 
of  tlio  most  versatile  iiiaeliines  in  our  line,  jiiul ii'ubirly  mi  Jobs  iiivolviii>:  the 
iiioviii}'  of  larj:e  nu.nitilies  of  maleriids  for  short  disl;mees,  eleitriiio  land  of 
trees  iiiid  Ih'UsIi.  iiiid  jiUshiu;'  titlier  nmebiues.  The  wheel-t,\()e  ti'iietor-seiiiper 
unit  shown  ill  fi.iiure  2  is  used  for  nioviii"  overluiisleii  and  eousfvuetioii  soils  iit 
liich  siussls  over  louder  disiaiiees.  A  traek-tvpe  loader  iipiusirs  in  li^uiv  3.  Its 
fiiiietious,  like  tliost  of  tlie  traek-t^xpe  traetor  ;ind  bulldozer,  iire  varied,  hut 
it  is  widely  useil  wherever  materials  must  I.>o  e.Neaviiti'd  and  stoekpiled  or 
loaded  into  ImulinK  uiiit.s. 

•)  Catcrjtillaf  Trortor  IVorin^  Illinois. 
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variability  of  field  test  data,  sutcc  be  eannot  neeiiratvly  reprodnee  adjustments 
of  the  euttiiig  element  on  sueeessive  tests,  ^liniinir.inf;  these  two  factors  has  been 
of  i>riiiic  consideration  in  the  rstalilislinn'nt  of  an  ind(M)r  scale-model  tostinR 
facility. 

In  this  paper,  a  facility  used  by  the  .soil  niechanies  ciifrirn'ers  at  Caterpillar 
Tractor  (’o.  will  bo  discu.ssed.  Model  testing;  toohni(|uc.s  niv  pre.sentctl  in  some 
detail.  M'hile  beinn  aware  of  many  of  the  shurteoniin^.s,  we  aix'  optimistic  about 
the  ability  of  scaled  Jiiodols  to  pioviile  acenrato  and  useful  information  in  tho 
evaluation  of  oartlinu)vin>;  tiH.ds. 


i 


t'i;:.  0.  --  .M>'t''r  t;raili'r. 


I'.cJel  facility 

The  model  t''.stii’.;'  faidlily  vua  d  to  evahiale  rai  thinoviie,'  tools  is  a  .soil  bin 
(lluure  (i).  OxiT  .'ill  diiie'iisiiins  are  IS  feet  Iraio  by  :]  feet  wide  by  -b  ri  feet  lii;:h 
(o.d!)  X  0.!)1  X  l.ti.S  aietei's).  A  nuiiuirail  on  wliieli  the  dynamoi.ieter  c.irri'i  'C 
travels  is  positioiinl  2.0  feet  (Tfi  cm)  above  llie  top  of  the  tri»":!i.  Tl.e  bin  is 
iiuninted  on  eollei's  and  ean  be  moved  easily  or  tipjied  to  pis«l’.ice  a  slojjed 
.soil  snil'ace.  It  was  de.sipned  to  eontaiii  soil  l.o  feet  (40  cia)  des'p.  However, 
as  mostly  sniall-se.'de  models  of  earlh-eiilli!’.'.^  tools  are  tested  in  this  facility, 
a  shallow  woodeii-hoN  insert  w;is  I’miml  to  he  sni'deieiil.  The  wi.odi  ii  li'oojdi  is 
1G  feet  Ion;:  hy  2  feet  wide  hy  4  inehes  deep  i  4  SS  in  X  (il  em  X  10  ein)  .'HhI 
(.X|tediles  te.stiiio  beeaose  tlie  --mall  vobnne  of  soil  is  easil>’  pie,);'.eed.  T'lie 
aiiunint  of  soil  iised  for  test  in;.;  is  only  S  eulne  feet  (0.2.1!)  eiihie  m);  t  iierefore, 
it  ean  ho  (piieldy  repla.-ed  wi:h  diffei'ent  soil. 

Soil  preparation  eon.sists  of  «  rototillin;: »,  lewliii;:,  a:id  rolliie:.  TliO 
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Fijj.  T.  — -  KiiiuHlIer. 


iot()till<'i'  7)  i)  .-viniill  t-Ii  -jiawornl  loniiiH  rciiil  unit.  iiKniiiti’d  on 

Hiiiilo  rails  ainl  towed  bv  tl>o  dyti.iinoiuetor  ciiniayo.  One  jions  of  the  rototiller 
thorousrhly  loosens  tlie  soil.  A  leveling  blade  prceedes  the  roiotiller  to  fill  the 
jirevioiis  test  i'xeiivation.  Another  leveliiii;  bliide  is  hsihI  in  front  of  tlic  roller. 

Tiio  eomiuietin'j;  roller  (figure  8)  is  1  foot  'oO.')  eiii)  in  diameter,  1.5  feet 
(45. r  eni)  wide,  niul  weighs  1.50  iioiuids  (GS  h^c).  Any  number  of  roller  passes 
ran  bo  m.ide,  dependin';  on  the  type  of  soil  brii.e  used  and  tlio  smil  sbeaving 
strcn(;tli  de.sircd.  The  tinul  roller  leaves  n  lelativciy  siiUKdh,  level  surface. 


A  cable  drum,  rotated  by  a  hyibaulic  motor,  tows  the  djmamometer 
earrioge  (figure  9)  in  citlicr  diveetion  through  a  ciil)lc-i)ulloy  systeta.  Carriage 
speed  is  controlle<l  wil!\  a  hydraulic  flow-control  vnlvc.  A  llow-dircction  valve 
i*cvcrscs  the  direction  of  travel  of  the  dynamometer  carriage. 


Vi^;.  10.  —  Mmlvl  iiiriiiiilinj;  ami  tiiBil  cell  arrnh(;L‘iiieiit. 


The  facility  is  capable  of  producing  model  testing  speeds  from  0.15  to 
2.20  feet  per  second  (4.G  to  07.1  cin/sve.).  Tlic  inaxinuim  testing  distance  is 
14  feet  (4.27  111).  The  power  available  to  i)rii])cl  tlic  model  i.s  iii)pro.\iinately 
1  hor.seimwcr  (1.01  metric  lip). 

Variou.s  force-measuring  load  <’elt3  arc  used  on  the  dynamometer  eurringc. 
Tlic  cells  are  of  the  strain-gaged  type,  and  monnt  between  the  eavriago  and  the 
inotlel  (figure  10).  Forces  in  any  direction  can  be  meiiMUed  and  located  as 
rcipiired  by  the  test  jnoccdnre.  The.se  forces  viinge  from  0  to  100  puniids 
(45  kg).  .Strain-gag<-  .signals  from  the  load  cell  are  fed  tlirongb  appropriate 
amplifiers  to  a  recording  oseillograidi  to  provide  a  continuous  record  of  the 
measured  forces.  The  weight  of  tlic  soil  moved  hy  the  model  can  1m‘  deteiiuim'd 
fixim  the  vertical  force  vecorel,  for  scrapers  and  loader  bnekets,  when  the  nioilel 
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is  niisod  from  the  soil.  For  hiilltlozcrs,  the  lend  is  pushed  into  a  pan  and 
weighed  oii  a  platform  scale. 

The  models  being  tested  in  this  facility  range  fit)m  1/15  to  1/8  scale. 
Loader  buckets  can  1)0  tested  at  1/8  si/e,  while  most  Imlldo/.ers  arc  evaluated 
at  1/10  or  1/12  .scale,  Jloilel  scrapei-s  are  1/12  to  1/15  in  si/e  dej)oiiding  upon 
the  size  of  the  full-.scnlc  niaehinc. 


t 


Kig.  II.  —  MimU'I  l>tilMii7.iT  aiul  scraper. 


Small-scale  models  may  be  eonslriiclcd  from  .sketche;’.  of  a  new  innchine. 
These  models  are  iJihricaled  fi-om  .OoO  inch  (1.27  nun)  thick  galvanized  sheet 
metal  (ligurc  11).  Tlte  .sheet  iiicial  is  easy  to  f-o-m,  and  joints  are  made  by 
soft  soldoring.  Thus,  major  design  changes  may  1k'  made  quickly  and  inexpens¬ 
ively  in  tlie  modcl.s. 


Soils  used  for  model  tests 

Artificial  soils  are  used  for  most  of  our  nuslel  tests  sii’.ee  they  arc  more 
stable  than  natural  soils  The  er.gincering  properties  of  the  soil  at  the  lime 
it  is  being  rnt  and  loaded  arc  of  iiiimary  interest,  (ilhrnge.s  that  ocenr  in 
natural  soils  over  long  periods  of  lime  arc  not  important  to  the  iiukIcI  test. 
Thercfoi'c,  we  want  a  soil  that  can  be  disturbed  .and  quickly  returned  to  its 
original  eninlilioii  rejieatedly,  without  any  ehange  in  engineering  properties. 
This  can  l>o  done  more  easily  with  an  artifieial  soil  than  with  a  field  soil. 

Fire  clay,  sand,  and  a  low  viscosity  oil  are  the  three  ingredients  used 
to  make  the  artificial  .soils.  Di.Teii'iit  proportions  of  the.-u  materials  produce 
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a  wide -I'ange  of  soils.  Figure  12  shows  the  engineering  prop«‘rliM  of  some  of 
the  soils  thnt  have  iKen'  u.se*l.  These  projM'iiies  are  for  si)eeifif  eonipnotions. 
Oil  Soils  \o.  lA  tliruiigh  11>,  fur  exiiiiiple,  arc  the  same  mixture  with  clifTeivnt 
eompaetinns.  Thus,  hy  simply  varying  the  niii)ilH*r  of  pa-sses  witlt  l)»e  roller, 
the  properties  of  the  soil  were  ehniigcd.  This  wa.s  a  quick  way  to  /  wliicc  a 
variety  of  soils. 

Tl’iC  iiiteriiul  shear  strength  of  the  .soil  ha.s  IxsTn  give,  in  .vniis  of 
«p|>are»it  eolvesioii  ami  internal  angle  of  frw'lion.  Both  pe.iV,  HW'l  nltiToatc 
slu'jir  strengths  of  the  .soil  weiv  reeonhsl  in  this  nninner.  The  ultimate  e.vt'.Mi.-it 
slieae  strength  of  stiil  on  steel  w.'is  rcimnled  in  a  similar  m.inwer.  in 
of  iippiirent  lulliesion  aiui  external  angle  of  frietion. 

I'lie  slu'ar  streiigth.s  of  the  soils  shown  in  figure  12  were  ohf»  e‘,'  v.-,.  i  a 
small  shear  plate  3  inches  wide  hy  6  inches  long  (7.C2  X  1.'>.24  en>;-  fhe  sht-.ii* 
plate  had  cleats  exteiuliiig  across  the  3  inch  dimension,  at  right  lUt'-hs  to  the 
direction  ot  travel,  which  wer»-  0.010  inches  thick,  0.2.)  inches  high,  .  ''d  spa"'''; 
1.12  inches  ajiart  (0.2.»  X  t).35  X  2S.4;’>  mm).  Head  weights  weiv  nseij  to  p'l^im, 
tlifferent  normal  loads  on  the  .shear  j>late.  The  .Nheariiig  fo  .•<'s  were  ineasiireei 
with  a  .sjjiing  scale.  The.st*  forces  w<-re  grndnally  applieil  mannallv  during  s 
time  of  appi'oximately  4  seconds.  A  fiat  steel  plate  of  the  s.nne  xr/"  was  .  .  ed 
to  mcasui'i'  the  slicariii;,'  force  of  steel  on  soil.  This  metiuHl  of  measuring  sliear 
stress  has  several  Itmitatiotis,  hut  for  the  pur|)ose  of  iimny  of  our  tests,  ii  was 
.satisfnetorv. 

I 
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Artifieial  .soils  of  this  t^pe  ap|>e;ir  to  Im'  stahh-  over  long  perln'ls  of  time. 
Tile  .same  soil  can  he  iisi-il  for  several  inontiis  witlioiil  any  uolici  I'lc  eliaiijTC 
ill  ciigineei'ing  properties.  It  slioidd  he  ineiitioiu  d.  however,  that  c‘,  cm  tliongh 
we  iiavc  heen  able  fo  ohtaiu  mnch  wovihwhile  information  by  i-  'iig  these 
.soils,  iiiore  work  iieeils  to  be  done  in  lievehniing  a  wiiler  rangi'  of  artdieial  s'.iils. 
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Requirements  and  limitations  of  model  testa 

TlieoiTtionlly,  it  Is  possible  to  pwliet  the  Ix’liMvior  of  n  full-sonic  cnith- 
moviiig  r.iiiehinc  by  tcstiiig  snuiil-i<4*nlR  nuxlols.  If  nil  the  iinportnnt  varinblos 
arc  rocognizotl  nml  proiu'riy  s.*silcd,  nrenmtr  full-sonic  results  can  l)o  prodictcil. 
Thin  is  ilone  by  Msiiig  model  llieoiy  as  cxi<lai>U‘d  in  many  luiblioat ions  on 
dimcnsHmal  annl>*sM. 

The  faetoi's  that  nrv  iiii|M>rtsiiil  in  rartluauviag  involve  the  tool  and  the 
soil.  The  variiibles  of  the  t«K»l  ioeliob*  its  jo'oau't r y.  motion,  nnd  ai)plird  foi’ccs. 
The  vnvinblos  of  the  .viil  wbieh  ais*  eoiitrollcd  include  its  bulk  cli'nsity  nnd 
shear  sti:fn"th. 

Otir  siiiall-sealo  laodels  :ir\‘  made  msaactrienlly  similnr  to  the  full-scnlc 
ainehiiie.  However,  only  the  suiTan-s  that  to\ich  the  soil  have  to  he  rei)rodiiccd 
in  detail,  ajul  even  they  are  often  simplified  when  the  performanee  of  the 
tool  Ls  not  jifFi'ctcd. 

The  idiysical  pnipiTties  of  the  soil  can  he  sealed  ii>  more  than  otic  ^vay 
for  the  model  tests.  However,  using  materials  that  arc  ri-adily  atnilable,  it 
is  convenient  to  keep  the  ladk  density  of  the  model  soil  the  same  ns  that 
of  the  field  soil  In-ing  simulat(sl.  If  this  Is  done,  the  slietir  slrength  of  the  model 
soil  nuist  be  made  isiunl  to  the  shear  slrengtli  of  the  field  soil  imilfiplied  b.v 
the  .senle  fitetor.  (The  scab*  factor  Is  the  ratio  of  a  eluiraetoristie  length  on 
the  modi'l  to  a  similar  full  seale  length).  This  means  tliat  eoliesioii  must  l>o 
multiplied  by  the  scale  factor,  while  the  angh'  of  friction  lemiiiiis  tlie  siime. 
Tiie  same  is  true  for  itdiiesiou  and  external  angle  of  friction  of  the  s<iil  on 
•stwl.  respectively. 

WIton  tlie  foia'cs  re(iuire«I  to  nccolersile  the  soil  arc  important,  the  velocity 
of  tile  mwtel  must  Ik-  e<iual  to  the  velocity  of  tlie  full-seal' ^Inaeliiiio  muifiplied 
liy  the  sijuaiv  r«Hit  of  the  scale  factor. 

If  the  variahles  mentioned  weiv  the  only  ones  of  im[ioitaiiee,  and  they  wero 
st-aled  tiecordiag  to  mo<lel  tiieory  as  iiotixl.  tlien  the  aOKumt  of  sod  loaded  by 
the  full-seale  inachiiie  would  he  etpial  to  the  model  load  divideil  hy  the  scale 
factor  culn'd.  How»'>cr.  if  siimc  important  varial'.le  were  not  luopi  rly  sealed, 
tlie  results  would  Im  distprtcil. 

-\s  -an  examiile,  assume  the  perroriuaiu-e  of  a  Imlldui'.er  in  a  liartieular 
field  soil  i.s  to  he  predicted  from  tests  of  a  1/10  size  iiuhIvI.  For  the  purpose 
of  this  example,  .assume  that  the  variahles  discussed  ahoie  are  the  only  ones 
of  inipuftaiiee,  and  that  the  model  soil  e;m  lie  sealed  as  needed,  .’vli  imjieatant 
lineal’ dimensions  on  the  mo<lel  should  1h‘  made  1/10  size.  ,\nir),.s  must  lx>  tlic 
.same  on  tlie  imulel  as  on  the  frdl-seale  luaehine.  .\  model  soil  sluu.ld  he  seh-eted 
whieli  has  the  same  hulk  density  a.s  the  field  soil.  If  the  slri'ii'ph  of  the  .soil 
Ls  e.xpre.sscd  in  terms  of  appaivnt  eolu'shiu  and  infernal  an.irle  of  I'rietien.  then 
the  eolu  sioii  of  the  ihimIcI  soil  sluuild  Is*  maile  1/10  tlu'  eoliesioii  of  ihe  tieUl  soil, 
while  keeping  the  angle  of  internal  friction  the  same.  The  adhi.sioii  aiid  external 
angle  of  friction  of  the  .sriil  on  tlie  metal  nioldhonrd  must  lie  seaieil  in  a 
corresponding  manner.  The  slio.ir  stivngth  of  the  soil  on  the  nmldhoard  of 
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the  bulIdo»>r  can  be  adjusted  by  cbnnt'inc  the  roughness  of  the  mclal  surface 
rather  than  by  altering  the  soil.  The  motlel  should  be  run  at  a  speed  equal 
to  the  fiill-seailo  speed  multipliod  by  the  sciunrc  root  of  1/10.  In  addition,  if 
the  niotlel  were  to  l»e  run  nt  n  <-on.stiint  value  of  foree,  the  horizontal  thnist 
should  lie  regtilutixl  at  1/1000  the  full-.seale  foree.  Kacl\  pound  of  soil  bulldo/.id 
by  the  model  will  then  nqiresent  1000  iwuiid.s  full-scale. 

Since  earthinoving  tools  arc  used  in  a  wide  range  of  materials,  we  are 
interested  in  evaluating  models  in  many  different  soibs.  This  simplifies  the 
testing  to  the  extent  that  in  many  cn.scs  it  is  not  neeexsary  to  .scale  any  one 
purtioidnr  field  soil.  By  te.stiiig  the  model  in  a  range  of  nwlel  soils,  design 
fenturea  can  be  ovaluntod. 

We  realize  there  nrc  other  .soil  variables  that  affeet  .soil  eiitting  and 
loading.  Thi-se  variables,  sueh  as  .soil  com]>rcs.sil)ility  or  conn)rc.ssivc  strength, 
may  also  bo  imj)ortaiit.  In  the  past  wc  have  made  few  attempts  to  contiol  other 
properties.  As  a  result,  our  nuHlel  data  arc  no  doubt  distorted  in  many  etuscs. 
In  the  future,  more  soil  proiM-rlies  will  l>e  evaluated  in  order  to  determine 
their  iiiflucnee  on  the  perfonuaiice  of  differoiit  earfhmoving  toohs. 

Pifsemtly  our  experience  in  jmedieting  full-seale  performance  from  model 
tests  is  .somewhat  limited.  We  have  not  run  enougli  controlled  fnll-soalc  tests 
to  1)0  able  to  determine  the  aeeuraey  of  our  model  tests  under  a  wide  range 
of  oonditions.  However,  ro.sul1s  have  been  eneonraging  from  both  a  qualitative 
and  quantitative  standpoint. 

Wo  are  e.speeiully  interestisl  in  developing  a  more  complete  understanding 
of  basic  .soil  cutting  and  loading  proeosse.s.  More  information  of  this  type  is 
needed  for  the  design  of  efficient  soil  engaging  tools. 


Test  conditions  and  techniques 

A  groat  deal  of  effort  lui.s  been  exiiended  to  dupliente  field  cijcrntions, 
to  make  our  iiKnlel  ti-sls  realistic  and  meaningful.  Karthmoving  equipment 
work.s  under  n  wide  range  of  conditions.  The  machine  operator  can  vary  the 
thrust,  speed,  ami  power  being  used  by  elianging  the  cuttiiig  depth  of  the  tool. 
The  way  the.se  vtiriable.s  are  controlled  on  tlio  nindel  test,  therefore,  bceomes 
somewhat  arbitrary.  The  nutluhl  that  is  used  dei^eiuls  uj)on  the  infoniiation 
desired.  In  most  ease's  it  is  .sufficient  to  hold  the  speed  and  thinst  constant. 
Tlinist  is  controlled  by  adju.sting  the  depth  of  cut. 

Tor  oxantplo,  let  us  as.sume  that  a  certain  traek-t.vpe  tractor  has  a  eoiistuiit 
drawbar  jiull  ami  speed,  and  operates  at  its  maximum  hor.sepowcr.  If  it  is 
further  assumed  that  this  eouditinn  is  host  for  eutling  and  moving  s^iil  with 
a  bulldozer  on  this  maehinc,  these  conditions  are  suftieient  to  o.stabli.sh  the 
operational  tcehnifiues  for  the  model  test. 

rigui-c  13  .shows  a  .sehematie  diagram  of  the  constant-foice  control  .system 
usetl  for  testing  a  bnlUlozer  blade.  The  strain-gaged  load  cell  is  sensitive  only 
to  the  horizontal  con^ponejit  of  cutting  and  loading  resistance  (F„).  Thus, 
the  voltage  change  in  the  strain  gage  bridge  eireuit  gives  a  direct  indication 
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of  Kf,.  Tl»c  Hnvouut  of  liorizoivtHl  fwop  whu-h  is  avniliiWe  to  tJie  bl«de  i»  adjusted 
bv  flinns'mg  a  voforcncc  voUafjo  with  a  potoutionicter  in  the  olrctronic  controls. 
As  the  lest  begins  with  the  bhido  resting  on  the  soil  surface,  the  horizontal 
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Fig.  n.  —  Schcuifilic  ‘linunun  of  ctMisiaiil  furco  conln»l  .'ty.-^tcin. 


START  FlIilSH 

Fig.  U.  —  Tvpical  force-iinTC  recorJ. 


force  will  lie  less  llian  tl>o  value  seleeteil  to  ho  lield  constant.  In  tliis  condition, 
a  set  of  relays  elo.ses,  causing  the  eloelrieal  linear  actuator  to  force  the  bull¬ 
dozer  blade  deeper  into  the  soil.  When  the  hori/vnitid  forec  on  the  model  c(iunls 
the  dc.sircd  level,  the  relay  eontaet.s  open,  eaiising  tile  linear  actuator  to  stop. 
Any  iuerease  in  liorizontal  I'oreo  will  then  cause  the  neluator  to  reduce  the 
cutting  depth  until  the  seleeteil  and  actual  horizontal  forces  (refevcncc  and 
load-cell  voltages)  again  are  in  eniiilibrium.  Tliis  [irocess  is  repeated  rapidly 
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nml  etmtHHwHv  tUrun^liuiit  the  iMt,  ami  maiiiiairm  tho  nvora;^*  hurinintul  force 
on  tlic  niiKU'l  nt  the  desiivtl  level.  The  lorce-linie  trace  in  fiftnrr  14  is  a  typical 
iwonl  of  the  foicc  exeitc<l  »ii  a  modc'l  biiliduzer  thiriiij'  loading  in  the  soil  bin. 
l)<‘\iations  from  {lie  avern}»e  force  result  form  control  corns-tinns  and  the 
intermittent  nature  of  the  .soil  shear  failiin-s. 

In  some  field  operatinjr  conditions,  the  .spoo<l  is  higher  at  the  start  of  n 
bulldozing  ]>ass  than  nl  the  end.  This  is  natural  since  the  .small  cutting  and 
loading  resistances  at  the  start  of  the  pas.s  allow  the  ninehhie  to  utilize  its 
hoiNi'iiower  in  higher  speoil  when  the  druwUir  jnill  nqniieineiifs  are  low.  If 
it  is  desirable  to  simulate  a  particular  dniwbar  pnli-sper<l  iTlalionsliip,  an 
auxiliary  control  .system  is  used.  Figure  1.^  shows  a  schematic  diagram  of  this 
.system  which  can  regulate  force  and  .sliced  in  any  piTselectcd  manner. 

Tile  sjieed  of  the  model  dynainoineter  carnage  is  determined  by  the  angular 
po.sition  of  a  h.vdiaiilie  llmv  control  valve  which  regulates  the  amount  of  oil 
jiassing  tlirougli  the  hydranlic  motor.  The  jHisition  of  the  valve,  in  turn,  is 
contriiricd  by  an  oleetric  motor.  Therefoic,  when  the  motor  turns  at  a  con.stunt 
speotl,  tlie  model  will  lie  decehnated  at  a  euiistant  rate.  The  rheostat  in  figure  15 
is  pre.set  mamially  to  control  the  rate  of  develerntion. 

Since  a  tractor  has  a  specified  maxiimiin  di-awhar  pull  at  any  givmi  siHcd, 
it  is  tliercfoiv  lUcossary  to  adjust  the  available  thrust  on  the  uimlel  when  the 
sj'ccd  is  chaiigeil.  To  accomplish  this,  n  cam  iseioineeud  directly  to  the  sprocket 
of  the  llow-regulathig  valve,  so  that  its  angular  position  would  he  jiroportionul 
to  the  speed  of  the  iiioilel.  The  instnntaneons  radius  of  the  earn  controls  nn 
elcotiieal  resistance  potent iometer  throngh  a  rack  and  pinion  arrangement. 
The  position  of  the  potent  iometer  determines  the  reference  voltage  (m  ailnhlc 
drawbar  pull)  for  the  force-eon trol  system.  The  sliapc  of  tlie  eani  is  taken  from 
the  jiull  sjieed  curve  of  the  tractor  under  eonsidi'i-ation.  Tlie  terminal  .speed, 
with  its  characteristic  drawbar  imll,  will  Ik-  n'aehed.  when  the  limit  switch 
at  the  end  of  the  rack  is  contacted,  inlenupting  the  power  to  the  motor.  Thus, 
the  i-mn  puts  into  the  control  system  the  speeified  iclaliimship  hetwivn  drawbar 
pull  and  .s|)eed.  The  charaeteristies  of  a  tractor  are  therefore  diiplieatinl  by  the 
nmniiiuliitioii  of  a  few  controls. 

The  two  systems  just  de.scribed  are  easily  adaptable  to  a  wide  variet.v  of 
testing  conditions.  Figuiv  IG  shows  the  control  stand  as  it  actually  appears 
in  tlie  soil  liin  .setup. 

Figures  IT  and  IS  show  two  l.vjiieal  curves  obtained  from  scraper  loading 
studios  in  the  field  and  in  the  soil  bin.  I’oinis  for  the  curves  were  obtained 
by  loading  the  scraper  for  different  lengths  of  time  and  weighing  each  load. 
\  serie.s  of  sueh  ])oiiits  gives  a  curve  which  shows  the  avi-rage  hiad  in  the  unit 
at  any  speeilie  lime  during  the  loading  eyehv  TIu'm'  figuivs  indicate  ll>at  the 
(lata  ohl. lined  from  model  tests  are  .sulfieiently  repi'odueilile  to  deteniilnc  small 
dilVereiiees  in  the  iierforniance  of  earthnioving  ttmls.  Because  of  the  amount 
of  .scatter  in  field  test  data,  much  more  testing  would  he'  le'pureel  to  detect 
small  difl'eix'uees  in  full-.seale  maehitifs. 
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DISCUSSIONS 


B.  MAYFIELD.  —  1  shoiilil  like  to  question  one  or  two  of  the  nutliors’  asser¬ 
tions  ill  the  seetioii  In  the  |mpor  henilM  »  Rwiuirenients  anil  limitations  of  model 
tests*,  in  eoiiiioi't>oii  with  the  si-ftliii(j  of  various  test  quantities.  Prof.  Oooilman 
hientioucil  yostcnlay,  luul  Mr.  Xuttall  has  mentioned  in  previous  pnpcr.s,  that 
voloeity  oonsidcr.'iliotis  arc  not  the  same  ns  stated  in  this  pniicr.  1  should  like  to 
ask  the  author  it'  jiossihle,  please,  whether  the  veloeity  requiveiiients,  in  other  words 
that  the  veloeity  ot  the  model  niust  he  equal  to  the  velocity  of  the  I'ull-senle  niaehino 
iiiultiplied  hy  the  .-siiiare  root  of  the  .senle  factor,  is  ha.si-d  purely  on  theory,  that 
is  Fronde's  niuuhcr,  or  bused  on  pradicnl  tests. 

R.  J.  SUIUVAN.  —  In  answer  to  the  question:  the  basis  is  theorctieal  in 
other  words  a  iliinensionnl  nuuly..-is,  with  variou.s  lesultintr  dimensionless  group.s. 

1  do  not  reeiill  whether  the  Froude  number  as  sneh  ajipears  as  one  of  the  groups, 
but  at  least  with  the  variables  wo  consider,  the  velocity  did  come  out  sealed  as 
indicated.  Test  re.sults  indicate  the  .scaling  to  be  of  the  right  order  of  innKnitudc. 

L.  J.  GOODMAN.  —  I  would  like  to  ask  ilr.  Iritllivnn  a  question  as  to  whether 
or  not  determinations  of  the  shearing  strength  of  soil  were  made  hy  using  the 
inoilcls,  and  if  so:  what  is  used  for  the  shear  area? 

R.  J.  SULLIVAN.  —  For  dctenuiuaViou  of  shear  stroiigtli  we  have  used  mostly 
a  simple  ll.at  grouser  plate,  pressing  down  with  various  amounts  of  normal  force, 
and  dcicrmiiiiiig  the  force  iiHpiired  to  shear  the  soil  horizontally.  Tlic  area  we  took 
is  the  gcometrioal  area  of  the  jilale. 

L.  J.  GOODMAN.  —  I  would  like  to  ask  one  further  ipic.-tiou.  We  Imve  observed 
ill  some  of  our  work,  at  f’Vinou.sc  Univcisily,  on  the  sheurin;'  strciu^h  of  a  soil  by 
using  a  similar  techaiiiue,  that  iu  a  clay  .soil  ilic  area  is  somewhat  larger  then  the 
geometric  area  of  the  plate  itselt.  .\nd  I  would  like  to  ask  if  the  pcopiC  at  the  tractor 
conqmny  had  made  any  observations  on  this. 

R.  J.  SULLIVAN.  —  No.  I  had  rend  that  stuteii  cut  in  your  paper  and  was 
iatercsied  in  it,  but  wc  arc  not  able  to  compare  this  with  our  expei  iciioe.  NYc  simply 
took  the  arc.",  that  was  nvailalde,  and  so  1  eamiot  say  whether  that  applies  to  our 
.situation. 

E.  S.AIDDL.  —  1  would  like  to  ask  Me.  Sullivan  if  he  would  give  us  n  little 
more  inlonu.ntion  ahuiil  the  panimetcr  gioupmgs  by  which  he  gets  results  for  the 
prototvpc  from  tlm  luodela.  .lust  w'hat  these  \';ivial)b‘S  are,  ho'V  tlici  are  grouped, 
and  if  he  can  give  us  some  iaforiuatimi  about  how  gooil  the  results  are  from  the 
niixUl;  how  they  jirojcet  the  prototype  behaviour. 
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R.  J.  SULLIVAN.  —  I  'vill  n-ly  on  niiMiiory.  I  think  [  Fiiwc  nlrpnily  stated. 
Prof.  Saibcl,  thnt  the  nrt\ml  (|i<;intiliitivc  j>r4-ilietion  of  i>rrr<)rm.’'.acc  from  a  inoilcl 
to  IV  full-srale,  jviirtipiilnrly  with  a  very  small  sejilc  niotlcl  ns  ive  arc  usin^,  is  not 
a  proeiso  thiiiR  nt  this  time.  Wo  arc  relyliijr  on  visual  iii»i.v!irnnce,  on',  beinjf  able 
netually  to  observe  the  l'ull-si-i\lo  vchirle  ulso;  nt  the  j>ri>seiit  tiiiit  we  would  not  want 
to  tnkc  r.  moflel,  run  it  in  the  towin;;  liiiik  nml  sny;  it  >liil  this,  therefore  n  full-scale 
innehinc  will  <lo  so  many  times  this.  We  iii-e  not  able  to  tnkc  thnt  for  (tranted.  I 
would  have  to  write  out  the  diineusioiiless  terms,  but  1  enn  .suy  that  the  variables 
we  eonsidcred  were  the  depth  of  out,  the  linear  dimension  of  the  ninehine,  the  accel¬ 
eration  of  ;rravity,  the  density,  the  velocity,  the  I'oree,  the  weight  of  soil  being  moverl, 
the  eohesiiiu  and  the  I'rlelinn  angle  «>f  the  soil  —  if  that  is  nine  it  is  all  of  them; 
I  would  have  to  sit.  down  and  work  out  the  tonus. 


N.  28 


Instrumentation  for*  land  locomotion  studies 
Apparecchiatnre 

per  lo  studio  del  inovimento  fuori  strada  dei  veicoli 


Wksi.ky  F.  Hi'cii»a£  •) 


ABSTFIACT.  —  The  use  of  a  numher  of  instruments  designed,  constructed  and 
developed  for  various  research  projects  at  Michigan  State  University  were  discussed. 
Three  diaphragm  transducers  containing  strain  gauges  toere  used  to  tncasure  the  normal 
stresses  in  the  soil  and  soil-tire  interface  pressures.  A  three-inch  d'ameter  brass  ball, 
containing  twelve  flush-mounted  thrcc-guarter-Inch  diameter  transducers,  was  used  to 
measure  the  stre.sses  at  a  point  in  the  soil.  An  undisturbed  core  sampler  capobte  of 
pulling  a  sixty-inch  long  core  was  developed.  .4  mean  stress  transducer  and  a  recording 
volumeter  were  used  to  record  dynamic  test  data.  The  combining  of  soil  renovating 
equipment  and  soil  test  bins  provided  a  means  of  securing  replicated  tests  with  the 
same  soil  under  standard  conditions. 


Introduction.  —  In  onlor  to  f'aiii  data  f«»r  tho  study  of  tin*  hi'hnvior  of 
.'foils  uiuUi'  tlu'  influoiu'o  of  wliool  tr:ifh\*  and  liUjisi*  iniidcnu-iit.'f,  a  min)l)Ci'  of 
instnimonts  iiavo  boon  dosijriit'd,  fon.sti-iu-trd  anil  dovcldjK'd  at  ^Ii^■hi^;nn  State 
I'niversity.  The  j)iii'i)os<;  of  tliis  jiapor  is  to  piTsciii  tlio  soil  ino.ism-inp  inslruiru'iits 
devrloiH'd  and  to  indieate  tlio  use.s  of  eai-h  instnuiient. 

Diaphr?.irm  strain  trar.'fducers.  —  Cooiier  vt  al. ’  •  deven'in  d  a  Type  A 
dia plira^'in  transdiU'i'r,  .sliowii  in  fiiruiv  1  and  to  nu'.isiiro  norm.d  to 

the  sui'i'aei'  of  tlic  diai>ln;i^in.  Tlu*  hifruit-sliapi-d  tiansduei.r  was  two  inches 
in  ilianu-fiT  and  tlircc-fomih.s  of  an  inch  in  hrijrht.  Two  julivc  Type  A 
SK-4  strain  nances  were  "Uu'd  to  lac  inside  wall  of  the  cylindrical  bo.N. 
The  raitue  of  the  tr.msdiicer,  with  O.O'i.')  inch  di:iphi:i.':iii,  was  linear  hetwoen  0 
a.nd  40  psi.  The  tian.sdiirers  were  nseil  to  incasure  the  stress  distrihntiou  in  the 
soil  as  wheehs  inid  tillii;ie  implrmonts  traveled  over  a  line  of  {'aufres  placed  at 
various  depths  across  the  patli  of  the  vehiele.  Xiiuieruns  isnjiiesfie  ;;r;!phs  were 
drawn  to  sliow  the  normal  stres.s  distrihntiou  in  the  .soil  nndcr  tires  and 
implements. 

rTleasurcinent  of  tire-soil  iuterf.'ioe  pressure.  —  Iteeanse  the  Type  A 
diaplira^tm  transducers  were  too  lar};e  to  ho  phussl  in  the  Intjs  of  rubber 

nu! Itttri/.fd  for  |>'ilirH'ut ion  us  Journnl  Arlirit'  No.  of  tlu' 

A^^rk iiltunii  Siatit'u.  Kii'*!  Tlic  Atitluir,  \\V.<lcy  K  Ikicltele, 

is  A^MK-itilo  l*riil‘(‘s.'.tir  vf  Ai;ricuUiiral  Kiijriiu'crin;;  at  Slhte  I* niv ersily. 


A 


A 


1.  —  l)iaphnn:fn  irnoMluriT.'*.  Type  A  truiiMliircr  im  tfie  left.  Typie  T) 
t r(i;ih'liicvr  in  lh<»  nrflillt*.  Tlie  M'n.'iii;j  Irnns'liioor  of  iKe  iiitT.n  .-iri'.-t  IruiiNilticer 
!■<  xhd'vn  >in  tlie  ri^jhl.  Type  (,'  t rntix'liu’erx  nre  ilnuvii  luchle-l  in  Itic  Type  1) 
irnnMlncor  ami  mean  sirex.n  i ruiiMl'icor. 


tractor  tires,  .n  Typi  U  <lia|)lua"ni  ti;uis(1ii<-i-r  ono-linlf  iiicli  in 
lipij;lit  was  devclopjii  by  Traliliic,  laisk  and  lJui’li  'le  \  One  Type  A-lb  yii-l 
stiniii  i4aii!;o  was  ';I’.U‘d  to  the  diaiibra(;in.  Tliree  danuny  ".uppes  were  located 
on  a  block  placed  near  the  Irnetor.  Sevoad  la\i‘i‘s  at'  cotton  cloth  eoveicJ  with 
iiiaskinj;  tape  were  ’.'.sc-i  to  insid  '.le  Ib.e  iiontcia,  eiMtiiie-eoiiiiHie aterl  t  I’anbiliicers 
from  the  soil  as  tlic  tire  rolled  on  the  soil,  b’ive  Type  IJ  traiisducors  were 
jibieed  on  the  Uadinji  and  trailin';  sides  and  on  the  toj)  o»'  a  lii^  of  an  af'ricnl- 
tural  tractor  tire.  Si’iee  eiieh  len  esids  on  the  partiii!'  lim-  oi  the  tire,  a  total 
of  ten  I lainsdncers  were  u>hm1  in  the  two  adjacent  laps.  Ten  other  d’.aplirapins 
wore  j)lneeil  in  th"  undertrea.d  1>ctween  the  t'vo  hips. 

Tlic  ten  transil'ieej-s  sjiaced  aero.ss  the  tii'e  presented  a  praphieal  jiicturo 
of  the  inapiiiUide  of  the  pies.'.nre  developed  at  the  sail-lire  intiifacc  as  the  tire 
rolled  on  the  soil.  The  transdncer.s  i>ro\  ided  Information  eieii-ei  niii;;  the  rolling 
re.sistaiiee  of  the  wheel,  the  Ir-ietivc  fane  developed  by  the  wiieel,  and  the 
d.viiiiniic  vveiplit  of  tin'  ti.-.etor.  ftinee  the  tire  rotated,  the  iie  lar.taneous  tire-, soil 
interface  pri'ssnre  was  le-onled  on  a  tinie-base  graph  ttin.'iie’i  the  entire  an;,lc 
of  c'Jidacl.  The  location  ag.iinst  the  tire  of  the  vesiddanl  of  all  the  soil  reactions 
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JT;;.  —  TliL'  iiinli'liiiUivI  cure  riniiiplur  i.i  "jicriilcil  li_v  t'vu  ruui  inul  ciiii  l>ul! 

curcit  up  to  lie  iiiclic.<  ill  A ppiuximiilcly  |  tu  ••  ii.injl I'x  is  rcqiiireil  to 

tnku  Ik  siiil  sninpic, 

Mn$  cjiIeiilntL'il  frk)iii  the  ilnta.  The  ivlalimisliips  licUvocii  tcrti-  n\)r  tovqup, 
ilnwvlKii'  pttll,  till'  piYssUik’,  1111(1  Mli|)  wi'iv  studioil. 

Por.'L'rcd  undLsturbed  soil  sonipl^r.  —  Tliu  (‘fl'i'ct  uf  Mhiol  trnflii;, 

tvoiitlii'i-iii}',  |ibnit  ’.'X't  jti'iiwth,  I'tc.,  mmn  tlie  bulk  (Icii'sity  of  tlu>  ;Kiil  liiis 
iiiti’ivstcil  iiuiiiy  ]i'sv:inli  woiker.s. 

A  jaiwi'i  '.'il  uiiilisiuilii'd  soil  cori'  >;tiiii)lrr,  sliown  in  tvas  ilovi'lojicd 

by  liiu-Iiulo This  Hiiniplci'  was  capabli'  of  iHilliii}.'  (ilt  piiulii)u  on  (lie  ability 
of  till’  soil  to  sii|>|M.irt  i!s  own  wciplil)  a  riO-iiicli  Ion;;  coio. 

An  oiH'ii-fciili'ieil  :r.i;;i’r  ^eoiitiiiiiiii;;  a  i-oiui’iilrieiilly  loeated  soil  tube') 
cut  an  aiiniiliis  in  tlic  soil  lai;;tf  in  iliaincicr  than  tlie  soil  tube  and  below  the 
triuiining  eilpe  of  tlic  soil  tulie,  TTu’  soil  tube  (eontaiiiinu  the  tulie  liners  tl'i'i'o 
inctii's  in  lieiuht)  folloiveil  tlic  auuer  liits  aiul  triinineil  llie  ei',iei':;iiur  soil  eohiinn 
to  an  exact  (liuu-iisiou.  Winn  tlie  (lesiiuil  ilii'ili  had  been  re.uhed,  till’  soil 
tube,  coiiipli’to  with  liners  and  tube,  was  pulled  Irniu  the  sainji'ir.  The  soil 
oiluiiiii  iiiul  tin’  tube  liners  were  pushed  froni  the  soil  tube  ainl  ..eelioiied  with 


Kin.  .1.  -■  TIu.  luoution  nf  the  A  nifl  Tyjio  }p  i hu<1  the  recttrilinc 

vultniieier  l-Alloon  on  n  rirrU*  r'lr  with  thi*  >*uJ  tank.  Notice  the  ^'^)^itionH 

t»r  the  'I'vjic  A 


ai  knife  1)y  cuilinn  iM'twtTii  llu'  litUe  Hnor.s.  The  lUniiM-tev  of  tlic  eore  was  ctnuil 
to  lliiit  of  tlio  liimminn  eilye  of  llio  soil  Uiho  while  the  hein'hf  was  eciual  to 
llnit  of  the  tilin'  liner. 

Stress-strain  relationship  in  soil.  —  The  hyiiothesis,  that  ehiuijjes  in 
mean  stress  aiv  related  to  eliiiiiues  in  hulk  density,  was  studied  hy  ^  iimleii 
Ifei'fi,  IV,;ehele  and  .Malveii An  attempt  to  esiahlish  a  st ivss-.st ruin  law  was 
made  hy  iisiii^;  contlmumi  meehanies  eoneei'ts  and  apjiouliiiK  to  rotalionnl 
symmetry.  Type  A  dia|>lirai;m  traii.sdiieer.s  and  the  haihM)ns  of  nn  iiidicatin^j 
\olmneler  'dif:.  3)  were  located  on  the  periphery  of  a  eirele  at  various  dei>ths 
and  a  loadiii};  plate  was  eniteeiit i ie;il!\  plaeed  on  the  siu'faec  of  the  soil. 

While  the  hypothesis  was  not  proved  at  the  eimlidenee  level,  neitlier 

was  it  disproveil.  I’iiaiiues  in  hulk  ih-nsily  were  fuiind,  however,  to  he  host 
related  to  ehaiiires  in  inorm  .st  re.ss. 

The  above  liv  I'oiliesis  proposed  hy  Vaiiden  Heri;  •'  was  dynamically  stiidicil 
hy  Harris’''.  A  Type  1)  diajihraj'.m  six-direetional  stress  traiisdueer  wa.s 
eonstrueted  hy  loeatiiin  twelve  Type  (’  diaphra!;m  tr.iastlueer.s  in  a  three-ineh 
diameter  brass  hall,  as  shown  in  ti^iiire  1,  'Die  Type  traiisdueer  was  siniilnr 


to  ibc  Type  B  cxcopt  thnt  it  contninod  a  one-half  inch  Bradshaw  foil  gauge 
consisting  of  two  indci>eiulcnt  circilitic  ‘ 

A  pair  of  Type  C  transducers  wns  loc.nted  flush  with  the  surface  of  the 
ball  difiniotricidly  opposite  each  other  on  each  of  the  throe  mutually  perpen¬ 
dicular  planes  of  the  Type  I>  transducers.  The  other  si.x  transducers  were 
oriented  in  the  planes  that  bi.s«‘et  any  two  of  the  three  rnulually  perpen¬ 
dicular  planes. 


Fig.  4.  —  'fho  moiiii  Unnsiturcr  con.-iist-t  of  a  toy  ball.wD  filled  wUh  water, 

rigid  pUttic  tubing  ami  a  Type  O  trniiMiuccr  held  ia  an  adapter. 

The  two  arms  of  the  two  dianudrieally  o]>[>osite  Type  C  tiaii.sduerrs  were 
liooked  together  into  a  wlwatslone  bridge  circuit.  The  bridge  niTaiigeiucnt 
gave  an  average  of  the  two  separate  readings. 

A  inonu  stress  tniii.sdiU'or  slumn  in  figure  1  and  figure  4  was  aeseinblod 
by  attaching  a  waler-filUd  balloon  to  one  end  of  n  length  of  rigid  plastic  tnbing. 
The  other  end  of  the  tubing  was  attached  by  an  adaptor  to  the  dinpluapru 
side  of  tlic  Type  C  transducer.  The  Type  I>  transducer  and  the  mean  stress 
tnmsdueer  were  placed  in  the  soil  at  various  deptlis  and  in  concentric  circles 
with  the  Type  A  transducer  and  the  recording  volumeter. 

The  elTect  of  rates  of  loading  and  moisture  content  upon  changes  in  density 
under  various  stress  states  wns  .studietl  dyiinniienMy. 

Of  the  various  dyiinmic  relationships  studusl,  the  changes  in  bulk  deii.sity 
were  found  l>est  relntetl  to  ehniiges  in  nuiximum  sliear  stivss. 

In  situ  measurements  of  bulk  deusity.  The  innlLsturbed  soil  sani])]or 
(fig.  2)  indicated  the  initial  and  final  bulk  density  but  did  not  show  how  or 


KiR.  .5.  —  Tlie  rodir.lini'  volimufler  oonsi.'<t!*  of  n  loy  ImDoun  filleil  wili  Kuil, 
rigitl  pla^>ti«  ttiliiiiR  ao<l  «  ilinphrnRiii  hoiistini;.  Tlic  initial  mol  tinal  Inilk  ilenoily 
is  ilplcniiincil  by  nfiuhiiiR  Hie  ballDun  in  and  out  of  water. 

when  these  ebatioes  oeciirml.  Tlie  sltitie  eltjnis:t>s  in  bulk  tlonsiiy  wore  measured 
with  an  iiidicutitiR  voluiiieler  develo[>ed  bv  llovimesian,  Vaiuleu  Beijr  and 
McCoUy. 

The  dyuninic  cliiiniye.s  in  bulk  density  were  inensun-d  with  a  verordinf! 
volumeter  sliown  in  fimirv  5  developed  by  Huviinesiriii  and  Buehelc This  work 
was  eotidticlcd  eoneui  rently  with  Vaiideii  Berg  *. 

The  recording  volttmeler  consisted  of  a  voliimetrie  traus.l>ie('r,  rigid  plastic 
tubing,  and  u  toy  ballvxin.  The  transducer  ceiitiiincd  a  O.GOT-ineli  thick  stainless 
steel  diaphragm  houM'd  iK-twcrn  two  air  chtinibers.  Four  Typo  A-IS  SR-t 
•strain  gauge.s  were  glmsl  to  the  diiiphitigni,  two  in  tlie  center,  and  two 
diatnetrieally  opiKisitc  each  other  on  the  pcii|>hery.  One  air  eliamher  was  sealed 
and  the  other  was  attaehe<l  to  n  length  of  rigid  plastic  luhitig.  The  other  end 
of  this  tubing  was  nttaehed  to  the  toy  ballwn.  l)isliirbe<l  soil  from  the 
eNperimeiital  site  was  placed  in  the  lailloon  Imfore  the  balhx'H  was  attaelied  to 
the  phustic  tubing. 

The  recording  volumeter  wa.s  used  to  study  the  dynatuie  relation  l)ct\veen 
chango.H  in  mean  stress  created  in  a  hydraulic  pressure  cluii.ibcr  and  changes 
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in  bulk  dfiiaily.  Vhe  bulk  density  y  wns  found  iilntcd  to  mean  sti-ess  <r*  by 
the  equation 


W’here: 


y  =  r.  +  Bln  ~ 


=  the  initial  mein  stress  slate; 

T.  =  the  initial  bulk  density  (itefore  Inadiiig); 

B  =  a  paranietrir  eunstnnt  depondini;  on  .-oil  parameters. 

Hydraulic  operated  bevameter.  —  The  bevanu-ter  develu])ed  at  the  Laud 
Looomotion  liUborntory  was  further  developotl  by  Stong  •  by  welding  tlirw- 
point-hiteh  attaching  points  to  the  frame.  A  thiee-point-hiteh  tnietor  was  \iscd 
to  raise,  transport  and  lower  the  bi'vnineter  Jind  supply  hydraulic  power  to 
operate  the  shear  head  and  jMnetroincter.  They  stndkd  the  effeet  of  tillage 
operations,  wheel  traffie,  wenthering  and  freezing  and  thawing  upon  the  Bekker 
values,  soil  moisture  uiul  bulk  density. 

On  the  soil  tc.stcd,  between  the  moisture  range  of  11  and  22  percent,  changes 
in  bulk  density  from  1.0.5  to  1.28  affected  the  soil  values  more  than  moisture 
content. 

Freezing  and  (hawing  increased  cohesion  and  decreased  the  angle  of 
internal  shear  (<I>)  but  did  not  affect  k«,  k,,  and  n. 

Plowing  decreased  C  and  Disking  inciTnsed  'I*  and  k,  and  decreased 
the  other  parameter. 

Soil  renovating  equipment.  —  Harris®  and  Stung’'  constructed  a  .soil 
renovator  for  the  iiiechanieal  processing,  handling  and  containing  the  soil  for 
test  purposes.  The  renovator  shown  in  figure  6  consisted  of  two  roniovohln 
bottomed  tanka,  two  soil  conve.voi-  Inlts.  central  elevator,  .screens,  and  spr.ty 
cejnipment. 

Two  tanka  (5  feet  diameter  X  4  deet  deep)  were  located  over  the  soil 
conveyor  belt.s.  Only  one  tank  of  soil  was  used  at  a  time  and  renov.-ition  of 
the  soil  was  aceomidisbcd  by  moving  the  soil  from  one  tairk  to  the  other  tank 
ami  b-'ick  to  the  first  tank.  Water  was  added  at  the  disearge  points  of  the 
conveyor  belts. 

Each  eonve.vor  l>elt  disearged  into  a  central  hopper  where  the  soil  was 
immediately  elevated  and  dumped  into  the  opposite  tank. 

Since  the  soil  measuring  instruments  were  located  above  one  of  the  tanks, 
the  other  t.-iuk  was  tised  only  for  .storage  during  n  ])ai  tieul;a'  set  of  eripciimeiits. 
Tlie  size  of  tlie  clods  and  tlie  height  of  fall  of  the  soil  wa.;  controlled  by  placing 
a  screen  over  the  instrumented  tank  and  letting  the  soil  fall  through  it  into 
the  tank. 

VihratuiT)  were  jjlaced  lielow  one  of  the  tank.s  and  were  used  to  eoiisolidatc 
the  soil  into  various  bulk  den.sities.  Air  tampers  wore  used  to  ]n-CMluee  layers 
of  soil  of  high  hulk  den.sity.  The  hydrar.lic  Ix'vameter  v,;i.s  located  above  one 
tank  and  a  ‘20-inch  diameter  pressure  plate  operated  by  a  hydraulic  ram  was 
placed  above  the  other  tank. 


<1.  —  Tlie  roiiiivi'Jtir  rorniiililiiini.'il  the  mmI  nfti'r  oacli  li'>t  Id  prnviilc  n 
iiioati!!  of  Mjciirliig  rf|ilii-atiiiiis  of  a  Iri'nliiuMil  on  a  >lHii'laril  M)il  I'oinUtioii  tisinj; 
the  same  soil.  Tlie  presanre  plate  nscil  by  Harris'''  iiinl  hy.lraulic  pump  i.<  also  shown. 

Discussion.  —  I'hi-  trsi'ni'eli  wm-k  in  soil  Iinclmiiip-;  1ms  to  the 

dcvcloiuiu'iit  of  it  miinhff  of  soil  instniinciits,  has  jrroviiieil  tlicoi'oticnl  and 
empirical  iiit'oiniatioii  cot.ccniino  soil  liclmvior  tinder  lln-  iitlhicncc  of  load  uiid 
wo;itlicr,  iind  has  motivated  the  teaeliiiio  of  a  iiradiiatc  course  i  ■,  tliis  area. 

Tlie  dcvclo])in,iit  of  dynamic  rccordinjs  iii.sl rtmuiifs  has  imivascd  the 
understanding  of  tlie  soils  under  the  inllueiicc  of  moving  veldeles. 

Conclusions.  —  1)  Stress-strain  laws  ean  he  listed  under  dynnmic 
eonditioiis. 

2)  JJnl!;  density  lia.s  a  definile  eflret  upon  soil  i>aranteters. 

d)  A  soil  renovator  for  reeontHtioning  and  handling  lahoratory  .soils  ha.s 
1)0CM  constructed. 

4)  Design,  constrnetion  and  develojtnu’iit  of  in-.tnnneiits  is  an  important 
pari  of  .soil  nuelianies  re.seareli, 

—  The  Aiitlior  iuknii«lrl;::es  tli?  ^u|)l>"rt  of  the  lauiJ 
I.oroiaotion  I.almiaterv,  Iti  tveit  Aisciial,  Ci  iitci line,  .\!li  Iiignti. 
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DISCUSSION 

J.  REMUS.  —  .1e  vondrnis  simpicineiit  revniir  snr  I’un  des  points  <le  I’exiws^ 
tcllwiicnt  intprcs.s.niit  (pii  vient  de  nnti.s  ctre  fait.  11  rcvMc  nn  eascniWc  d'^uipoincnt 
(pii  ft  la  parli<-ulnrilc  d'etre  cxtirmemcnt  mobile,  et  pur  consequent  dc  pcrmeltrc  dcs 
rceliorelirs  nu.-s.si  bien  .sm  des  isols  cn  pince  qne  sni  des  sobs  boino^eiu-i.-ies  et  nmtnc  en 
labomlnire.  Jo  voudniis  sionaler  qne  .snr  un  point  pnrlicnlier  nous  nvons  ponrsuivi  cn 
Frniicc  des  reidierclu-s  dopnis  environ  nne  diTuiine  d'annees  .snr  Ic  proliliiue  du  tnsscracut 
dn  .sol  par  le  piisNi;;r  dc.s  \cbicnU>s  npricoles.  l.s-  conii'mliiire  dn  .sol,  qui  est  nn  iivcntaKC 
dan.s  le  ins  des  tnmiux  pnblii-s,  pur  exemple,  esl  m;  contmiro  nn  inconvenient  cn 
ftRiieuUnre  pui.-siu'd  ot  niVrss.nire  dc  preserver  le.s  e.simies  Ineunnires  dans  le  sid  ct 
(Veviter  In  eoininu'lion.  ITailleurs,  nu-s  colK-pnes  nllciiinuils  ipii  sent  iei  sc  soul  enx-nuines 
dejxiis  liMi^toinps  jh-iu'Iic.s  snr  cette  ipu-stion.  Nons  avon.s  utilise  on  Irnnec  nne  inethoilc 
nnnlopic,  e'est-a-dire  nous  nvons  cn  lecmirs  on.x  jances  dc  ronlminte,  niai.s  nuns  rolls 
soniincs  systeinntiqncinpnl  diVmleressi'-s  dcs  rssais  dnns  des  sols  hoino-.rcncisos  cn 
labomloire.  8i  Ton  cxanrnic  nne  oonj>c  de  sol  arable,  on  rennuilre  trnis  zones  pandlclcs: 

_  7,cs  i-iiiq  orcninr.s  . » »i/iiui‘rr(  s  son!  nn  oonlnit  direct  de  I'nir  cxfi  riear,  dc  la 

plnio  cl  dn  veiit.  Ixi  pa.ssn<;e  dcs  vcliicnles  et  des  nnimnnx  sy  fail  sentir  d.nns  tons  Ics 
ens,  ct  plus  imrlii  alit'Tcinent  le  p.ilina;;c  de.s  rones.  Ce  dernier  pbi'-m.inenc,  eonsiVinem-c 
d'n'ne  inlliereiue  iiu'-vilablcment  iininu  foile,  a  pour  elfet  nn  Ijrnssnjie  dcs  Icrrts  de 
strnetnres  fines  ct  In  Imvintion  des  pciites  rncine.s. 

_  7,0  zoiw  rriitilirrmifiit  liilioiiriV.  -  Si  ce  Inbonr  est  convennhlcincnl  cfTeclnc, 

il  doit,  an  inoins  mie  fois  par  nn  (snnf  diin.s  le.s  lir/.ei  ni'Tc.s),  detniire  tontes  les  coiise- 
qiiciiccs  vrnies  on  slipposees  d'nn  cveiitnel  tnsseimnl.  II  n’y  a  pni.s  de  lisque  d  c.Tct 
diniihlc.  Xeanmoins,  on  i»oitt  eonsiderer  le  cas  de  In  cuUnre  eii  (.snirs  dc  vei^i’talioii 
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dont  le  dcveloppoincnt  pourrait  lliporiqucmont  fJrc  itfard^  ou  coinpromis  per  dea 
pesaa^es  de  trartoiirs  ct  do  mnctiincs  nprrs  Iw  semis.  Dnns  Ic  oas  des  traitements 
antiparaaitairrs  par  r.tcmple. 


c. 


— •  f'rfin.  In  loitf  'S'inK-jomitc,  -  Cpllp-ri  ii’ost  pmtiqiu'mi'iit  jniniiic  <li>l<iqiu‘<', 
aerco,  rrjr«infn^.  Or,  il  a  ole  ^•l>:l^l»ll<‘  unc  liinsqiic  iliiiiiimtioti  <le  la  porosito  aii-dossoiis 
do  III  oonolic  lalKiiirce.  II  y  n  jmr  ooii-oquont,  a  oo  nivoaii,  line  asjiliv.vic  dil  sat  diint 
il  I'nut  IroHvcr  les  onuses  rt  les  roinoilos, 

II  y  a  loiil?ctiij)-s  cii  I'nit,  qu\ni  r.-saic  dVliulier  la  oiroulalian  dcs  liqiiides  ct  do 
I'air  (Inns  li*  ssd.  ot  lo  dovciiippomoiit  dos  rarim-j  on  I’l'in  lioii  dos  ospacos  laiiiiinires. 

I^jrsqiie  le  sul  a  sulii  uiie  oompn  ^simi,  il  I'nut  oxnn'iiicr  les  oausc.j  |a  dure  et  los 
eonsiKiucuees  jxmr  la  porusitd  du  aid,  cl,  cc  ipii  cst  la  sculo  clinsc  qui,  on  dviiiiilive, 
nous  iiitori's.so,  to  l•olnporll'IIlcnt  dc  In  plaiite  dans  le  s,rl  ooui)>rimc. 


—  440  — 


Fit.  I). 


Fnutc  d’mi  innycn  dim-t  d’ctudicr  jus<ii>’a  pn'^ent  I'pt'p  co!llprp^:^ion  dnns  1«  so! 
on  plaw,  on  cn  h  saoivctil  oxninino  Irs  <i'iis*\iucni‘cs,  soil : 

— •  III  vnrintion  du  poids  sjuViliijiic’ du  sul  i'i‘iii]iriii)o  (Fontaine  et  I’liyno); 

—  suit  la  variation  de  !n  viles-io  de  revoiilvi.ieiit  do  IVau  (SiV-ci'rri); 

—  lo  temps  do  pa.ss.'i:;c  d’un  volume  d’air  ii\rc  rii))j)arcil  >lc  Von  Jniierl); 

—  suit,  eiiflii,  le  dvvWojipoiueiit  dcs  s\>t<in<s  rndii'ulaires  dims  des  sols  tn>s6s 
an  non  (Jiduuiut's  Ciiirbinp). 

Cc.s  ditToreiitcs  nictliiMles,  qiii  luVessitent  di-s  pn  iev  c  inents  dVvlinnl  illoiis  nml  deli- 
niiles  et  iiivviliihlrmi'iit  non  idenliipies,  out  douot’  <i)iv!u!ant  d-'s  ri'siiUpts  iiitvre.-kSuiits, 
mais  ne  noils  out  rien  nj'pns  sur  Its  toinpressiou'  dent  elk'  eMUiiiiieiit  ii'S  coiimTiI'h'IUCS 
plus  ou  nmiuN  loiutiiiues, 

Fur  ailleurs,  ou  a  (■-,;i'.kiiu'ul  essjiyd  il.s  irA~-im's  iivi"-  des  ;ii!uun>ie‘rf,s  u  liuilc,  a 
quartz  el  ii  self,  nmis  is's  appareils  so  sunt  monin  s  i  neiuiiln  ants,  l!;\'::les  et  ii’.rft'i  .ves. 

I,a  melhode  que  nous  alk.ns  cxaiiiiiu  r  u'..■■■:.^  I'.imf  iieriiiet  il'oiieivr  des  ii'tsiircs 

Mtr  If  .'td  eo  pli'ie.  sails  ju.'h'-vniuut.  ni  jiei lui  1  iitHiU  jirealiitile. 

Kilo  teiitc,  par  lui'.eurs,  d’aied vser  If  jii.eaomenc  lui-uu'iuc  et  I  n‘*l  \llus  scs 

eon.s  kiuciur.s. 

Kl’e  esl  pmliqui'e  dejiiiis  IP.'iH  at  iilili'C  la  tis  ’re;<ine  des  iiiesiirc.'  per  <  slriuu-pal^e  » 
qui  etait  il  I'l'poque  lieii  ropiilidur,  iiiais  o>t  in:  i:  P  iialit  euurniiiiite'tlt  :’.|;plu(Ufe  mix 

lursuros  de  eoiitmiutos  dans  to  sol,  niiisi  qua  la  ufiiiri'  la  eoiiuounu  r.tiim  de  M.  liiielielo. 

?>Iais  file  TfsU*  ori^in.ile  eii  ve  seiist*  que,  ,s»::u’.i  nous  \rnons  di'  le  ilire,  ellc  pciiaot 
de  fairo  des  loesures  dau.s  do  sols  «  u  jdaec. 

Fu  qnci  consi.ita  la  i;i6t'hoii»7 

t)u  rrouso  iUhTs  le  elmioji  line  fosse  do  in.  t.  ,!,•  Iona  et  dc  In  pruloiau  iir  voiilue. 
Los  exireiiiites  de  la  loss.'  doiviiil  eire  linri.  i.'e;do;''.i  ut  'a  In.  1  .’)0  de  In  /me  on  Ion 
veui  elfcituer  la  uiesiire. 


OefbrmatiM  -• 


FiR.  1.  —  I'l'forinnlinn  •I’lm  nu'mc  (nTRllo-silifriix,  huniiirilc  18  Tc)  souj 
<1i(Torciitex  Cost  la  <l«'t'oriimti<'u  maxiimir.i  ^  la  tin  Ju  ft etiiiiinen;ent 

•In  vx'hicnlc  .'i  In  v.Tlii'nle  'In  cnptnir. 


On  vlTcctiic  ln)ri7.iMil!ilrmciit,  it  In  j'mtoinli'nr  diViu'i.'  pour  la  unsure,  nn  <'nrx^!tivgo 
Jans  la  pauii  Jv  In  I'ossc  n  I'nidi*  «Vnni‘  ininoc  camic  (rni'icr  rr.\i:4;  h  roxtrx'mite 
(nitiilinnto.  L'opxTatifin  cst  inciti'-c  do  I'li^-on  u  evitrr  ti/utc  xsjtiiprc^'i’in  <1p  cctlc  ranne 
sur  Ics  pnrois  ilii  tunnol  ipj'ullc  cnnisc. 

On  till nnldit  a  sii  place  ui'.o  sevci'nle  caniio  ile  scetion  Ii'-'ereii'rnt  infi'ricure 

et  qni  porlo  Ii  sent  eNttcinile  tine  «np>ulr  d'acier  piM'taiif  des  jntr-;^  dc  eoiil  raiutca. 

On  pent  ililrodiiirc  siiinillain'mciit  plnsieiirs  enitia's  a  di>s  prufoiidenrs  dill't'rentcs 
et  orienter  Ics  eniisnles  duii-s  le  m'iis  dxV'irc  punr  la  lacsnre,  par  rapjKtrt  nil  plan 
lioriroatal. 

Lcs  jaii."o.'  '^iiiit  reliccs  :»  an  sv.'lenie  d’aniplitication  et  xl’cnreytlst rfinciit,  nx'ec  <3cs 
nuiitta^os  eln^^iq’.tes  ea  jaml  de  Wlicatsitimc. 

l/appareillitiie  a  ete  renliM"'  en  r)2/r)3  par  le  l^jiiwratoire  do  Tecanttpic  Elia  ti unique 
Eitr  Ics  diiectivos  de.M.  dc  ^Vrcden  de  In  8.  A.  Ihiiilop  et  da  Pi\»fi-s.sciir  S.  Hcnin, 
Dirrilc'.if  du  I-Ml)iirntoiro  dn  Sol. 


Qua  niosure-t-on? 

Ix,*  sot  n'o.sf  iiii>  nn  c<'ri)s  on  110  nu'^iiro  itn:ir  i>;i5  (1<'s  juossioMs,  mats 

lies  L-oiiiprrssioiis,  Ix’s  nnito.-t,  sont  rxjiriiiuVs  on  [rr/cin-  )>ar  luiulo-pc  nvoo 

lc;i  niL’s'iros  irotiilojuia;;!*  dra  sx»ii<!*->  .-oils  prossion  it  liuito.  lx's  xjilonrs  sont  done 
roinpariit'lrs  ciilrc  cllw. 

Quelle  est  I'intonsit^  do  la  dcfoncatioa? 

Kite  c-'t  In'e  nux  ilifl'rre;ils  In  nature  dii  terrain,  .-on  ilcirre  iriiinii’'.1:tc, 

ta  nature,  to  poids  et  ta  vili'.ssc  <lu  vt'Iiii  -.ilo,  le  coiilleniciit  des  piieiis. 

Happoloiis  quo  la  pressioii  «lo>  pnous  an  travail  sur  to  eliaai;)  c<t  noiinnlrniont 
ecmiprise  elilre  hOO  et  grariu;;»-s  pour  tv's  pneus  MOiptr^  i  t  ;i  COO  grainines 

pour  Ics  imeua  jitiuoles.  Ce  fpii  se  trmlnit  par  uue  presaioii  ?ar  te  sol  Ogalc  a  la  prcfsion 


Oefbroatlm 

wgr/cm* 


;€  2  vitcss€  tfts  Icitte .  Statiotindfrcot  do  terrps  0  9  63  stcondcs 


?aas»QC  a  3.Skm/h.  sdns  sUkioanemefit 


We.  .,^1..^— ...  ■  . Temps  W 

Xa)  jo  •«  60  80  100  StCONBtS 

F'K-  —  Coniimraijon  enire  eITvts  <lp  ci>iir|>rc>.<ii<>u  Mir  ml  ar;^ilo  i>ilicciix, 
humi'liti  H%  k  10  nn.  <Ip  profonilpiir  <lii  iiit'iiie  Iriu'leun  1)  nrrivre  ii  vilrsse 
IpoIp,  arret  el  ilOjiart;  2)  passnRe  Hnnn  nrret  ii  ;t,i>  kiii/h. 


»lo  pemflement  (ttmdilioH  csscniiclle  do  I'tVj'nlibrc  ilu  piu’d)  nin.iiiref>  d’liiip  cprlniiic 
f|nniilitp,  environ  111  %,  due  n  oo  ([ue  renvel'>i>j>c  dn  piien  n’est  pus  idriilcmcitf  cliisflt;uc. 
A  10  ocntiiiu-lrcs  ilc  profoinlcur,  tii  eoniprc-sioii  est  d'ciiviron  5  10  pr/ein*  jumr  uii 

sol  nrpileux  eoinpnvl,  ct  v«  jnsqu’a  qael<|iu-i  ilizniiies  dc  gniniiiies  dtiiis  un  sol  Siildoiiiioux' 
sniis  eolicsion. 


Comment  ue  dcroulo  le  phenoiuene? 

Iwii.ssons  Ic  pnrolc  nii  I’nifcsstMir  Ilcnin: 

€  Gnivo  r«  ect  ;i]H»iircil  on  jk'iiI  ;dor>  siiivre  en  di  lnil  Ics  iniMliReations  siibies  par 
le  sell  u  niic  iirofoiideiir  doiiiieo  suit  pur  le  pn.  saite  d'uii  inst niinriit,  soil  jier  rejipHiiit ion 
d’nne  elmrpo  fixe.  Kn  |inrlienIior  qimiid  nn  veliieulc  viciit  so  incltrc  m  slntiuii  on 
olvserve  u  son  nppnx'lic  nne  leperc  deiiiinpresj-ion  ilu  m>1.  Crllc-ei  eorrcspoiul  :i  1  ciTot 
foisonnpiiu'iit  qiii  eoinpeiiso  pnrlielU'inenl  IVnlniieenuMil  dn  torrnin  coiiseeiit . t  ii  I'aiipli- 
t-nlion  do  la  tiinrtro.  I'liis  Ini.  ipU'  IVnpin  arrive  it  In  verlivnle  dp  In  son. Ip,  on  poiistiitp 
iin  olTondn’iiirnt  pins  on  nmins  manpu*.  innis  rpii  n’nttpint  mi  vnl.’ur  tunxinm  (pi’iipros 
u:i  tpmps  qui  s'cli'vc  pnrfois  ii  pliisiciirs  scrondcs.  An  moment  dn  dppnrt  iIp  1  ontrin, 
on  observe  nne  dtH'ompressiun  d'inipoitaiuo  cxtreinemeiit  vnrinblp,  innis  cptlp  detente 
n'est  ('I'alonient  eomjilclc  qu'niires  im  temijis  qui  pent  ntteindrp  liii-nunic  phisii'ni-s 


Hombre  ds  pabsa^S 
du  Canadian 


riR.  •4.  -  >AriHti(iiin  «lu  1b  lU'coiitrnction  (ccart  iiitre  lo  ni>i«)iri\<.'ii>u  itiilisle 

ct  la  rcsnion  riMilunlte)  noun  I’vITtft  <lj  tnivnil  d’lin  m)I  (  i.mi.'SP^o.s  multiples 
du  ft  fn).  Mp«(ir''  it  id  cm,  wd  at>;ilii  :iiticinix  n  18  Vf  d :  I'ritlie 
de  lifttcrnvc*.  l’».-<>nn(;  d'uii  Iradciir  dc  I'.’i'O  k({.  pHr  os-icii.  aprcx  tl-iiviiil  du 
iwd  au  CBimdioii.  (L^n  iiieKiiro  fiiilen  plinijiie  Kiin  iii  iiii  pniiii  iliiTi'ri'nt  <li;  Is 
iiicoif  l>«nd  <1e  terra'll  R|>ri'»  iin  pojfnj'p,  deux  piisnunes,  etc.,  du  CHiiailien). 


ficcondc-A,  Ipi  Ic  vchiculo  pasriC  aunn  nnrrrior,  uii  uivu  cuiiijirnssiojio  lii'iitnlc  siiivio 

d’lin  itTol  fl;isti<(iu'  (jui  I'.nn'.ft  d’.'iuiiint  plus  niiinpic  <me  Ir  di'jdiK-niu-iit  du  vi'hiciilo 
ot  plus  r.ipidr,  dll  iiioir.s  pmir  Irs  tiTruiiis  jiti'si  i.tniit  mie  rlni.ticilc  ludabk'.  Xims 
prilMins  CHIP  CCS  rffofs  ctiistii|iip.s  Mini  dlls  ii  l';itiiuis]>lii'rp  du  sed  qui  m  se  del'  ll, Iplll 
pn)vc<|iu'  UII  rojriMini’moiit  du  tpvniiii.  Si  In  ilmrjrc  r^l  iij'pliqiu'r  ]iiiidunt  un  tcirijis 
nssp/.  liiiiu.  Pair  n  Ip  tciiiji.s  do  sVcIiujippr  cl  Ips  rlfnts  r-I;i>ti(|iu's  soiit  inuins  iirouoiup.s. 
Qimiit  au.x  rnvi'liuns  loutps,  pill's  iii'Us  p;irni.'S''iil  iillriluiulilp  ii  I'l  xiiiilsiiui  on  u  la 
rcnbsor]d iuii  do  I'oi'ii  iiiibdmiit  In  iiih.'-m'  iidKudnlp,  I'oiiiiup  dans  Ic  piis  dos  nitpurps 
ocdomi'l riqups  »  *). 

n^AultAt. 

Infliieacd  do  1&  n<\turo  du  sol.  —  l-.llr  pst  cvidoutc  pt  U  s  nu  smp.s  poidiiiupiit  pp1Ii:s 
qui  out  pii  lire  Initps  pm  nilU'iirs  cn  liibiunloirp  sur  pihiintilluns, 

I,.a  <  ■Ici-uiilrnctitiii  a  d’lia  sid  ;:ip;ibi->nb!umu'UX  Pst  phi.s  iiupui tnutp  quo  cpllc 

')  foiuplps  rpndiis  hplidctiiHilhirPs  dp.s  ‘•'■■iuu'p*  dp  I 'Apiidi'Mine  d ’A,'’rioiiUuro  de 
France,  sc’iince  <lii  30  .lii'm 
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d’unc  sflWp  qui  [lout  mime  ftrc  iiiillc.  Mnis  rr|)rtons-le,  cc  n’est  pus  .Ians  !«>  domainc 
do  Jft  imtnrc  mmo  dcs  sola  quo  rt.^  appnroil  r  foumi  dcs  elements  noaToiax. 

Ijlflaence'de  l'6tat  do  BoL  —  La,  Ics  iiie»uros  sout  iutorossunloi;,  oar^olles  rcvMent 
qu’im  sol  riolic  i-ii  liumus  sc  r<-,r<>nflc  niicu.v  qu'iiii  sol  do  mime  densite  et  do  mcroe 
granulumctrie,  miiis  incrtc. 

Oil  ju-iit  fynUiiH’iit  Hui’urrr  VitifUienct  iIh  Iriiini!  inomiiiqiio  dll  »«».  •>"  oonsUite 
qu’Rpr«  plvisicurs  pu«ui;es  coR-HHUtils  d’uu  .uimdicu  pnr  exoinplc.  TcUisticitc  d’utt 
sol  nrKilu-silicieux  nit>;iitontc  jiisqini  one  lorhiiue  liiiiito.  Au-dolu  dc  celle-ci,  1  m-cw- 
niululiiiu  dcs  pHssngcs  lie  fnit  quo  i  ..iiqiriiHcr  dnvnidnKC  ""  rrfiiilii-i'ciucat 

(.iiltivi  el  liiol()|;i(HUiiieiit  siiiii,  n  imo  plus  prniiilc  iliislieilc. 

L'liumidilc  dll  sol  n  Uiou  eiiieiulii  utio  iiiiliiriu'C  iTiinine.  dceonlraction  d  UQ 
sol  d’liimiiditi  iiioycune  ost  do  'VK*  ’.  '""i'  si  riiumidili  diimsse  40  55;  dcs  espRccs 
li\e«iinii-es.  In  dii  (intniel  ion  i(iiiil«*  ciidcssiuis  dc  ;l/10*. 

Ceei  pst  iiiiiiortaiil  duns  lo>  I*  rmiiis  :i  forte  retciif ion.  la-s  trnvniix  dc  prinlemps 
y  sout  souveiit  relnnlis  ct  Ic  .nHniileur  ost  soinent  teiHe  do  truvniller  .lea  terrea 
liilliiides,  de  pour  <rilro  dislitiii't-  par  In  saisoii. 

il  scndile  dime  qu  il  risiiiie  de  drtirii.rer  sn  lirre  qui  ne  *  revieiit  »  pna  apres  le 
'  luissnce  dll  veliicule. 

InCueuce  du  temps  de  —  H  u  •  •i  si>;iinl('  ei  drssiis  imtle  r.rotesseur  Heuin. 

C'est  till  iilieiiiiiiieiip  qii'il  laut  pr.  i  a'lileim-nt  relief  a  In  oimstat atioH^  suiviiiilc: 
y  Si  Toll  iiiiii)mte  uu  traeleur  :i  rimes  cl  im  Ir.ii  leiir  ii  i  lieiiiiles  do  nieine  poids, 

\  le  seemid  pr.ivi.iiiie  line  e..mpro-i..ri  plus  Inilile  (|ue  le  premier,  dans  le  dO  premiers 

celUimetres.  Midi  lellt  emupri’ — i  '.u,  nude'a  drs  lit)  eeiil imetrei,  deviriil  ismii  nnitiMUiont 
phis  inipiulntilc  pmir  le  triulciir  a  .•lieiiilles,  qni.ii|ue  fnilde  |Hmr  les  dens  tnietrurs. 

Oil  pent  siipposer  qiie,  le  l••I;ll•s  d’nppui  de  in  olmidllc  im  im  point  du  lol  etaiit 
^  plus  (rrniid  <|ue  .elm  iriiii  pneu  imiir  deux  vilosi’s  .rnvmi.enRmt  idr uti.pies,  ecst 

■  elTeet  de  teiniis  ipii  remimrte  Mir  eeliii  de  in. ids. 

*j  |Hmr  liiiir  ua  j'oiir  xv  systroic  ilr  nu.sii^rc'  qtii  <V't  J  u!ll«\ir3 

;  eoniuiun  ii  tons  les  nin.veiis  de  iin-.'iires  de  lompressnms  ile  sols  quo  lunis  emiimibfioiis : 

^  il  tie  perinct  pms  d'nmdyser  . orris  Umii  iit  .pii  sc  prisic  duns  lc.s  eiiiq  prrmik'rs  vciiti- 

nietres  de  ))ioloitdeiir. 

Coini>ni!s:ins  mismici  li  pi/./oip/r  <  oii.ihnif  rs,  .v!0-  soL  mniltux,  a  18% 

■  d'liuniiditi'.,  (ii/rc  frrrtftir  u  cr<>tdli'  dc  4  fo.iiic,'!  (lit  totul  ct  nu  L'jcteur 
li  rifiu’i  dc  1750  Lijs/issuu  inolciir. 


Prerondtar 

Ctitclll'i 

Kooei 

m  eni. 

1,- 

a,l> 

'JO  cm. 

0,1  ti 

1,9 

Jo  nil. 

0.1  J 

0,13 

■to  cm. 

(I.I'C 

0,04 

•  *  •  *  •  " ^  '  *  “  *  *  ^  ^  f  • 


o 


N.  29 


A  proposed  recording  penetrometer 
Proposta  di  on  penetrometro  registratore 

Tkakficabilita  Kksi^ch  Team  •) 


ABSTRACT.  —  SoU  trafflcahllltp  has  become  a  subjfet  of  Qreat  importance  to  the 
military  man,  the  tactical  planner.  For  a  long  time  it  has  Just  been  in  a  category 
of  research. 

Soil  traSioability  prediction,  whether  it  be  hy  a  theoretical  or  an  experimental 
method,  requires  the  evaluation  of  certain  factors  related  to  soil  physical  properties 
beforehand.  Such  evaluation  of  factors  requires  Instrumentati^. 

In  the  development  stage,  the  cone  penetrometer  wis  designed  to  fulfill  the 
requirements  of  research  work  In  soil  iTarcability.  as  well  as  to  le  simple  in  operation. 
It  works  best  when  handled  by  trained  people  under  quiet  conditions  and  yields  precise 
individual  readings.  For  practical  use.  when  these  instruments  serve  as  equipment  for 
reconnaissance  parties,  it  is  important  that  they  be  operative  by  the  smallest  possible 
crew,  not  necessarily  highly  trained,  by  day  and  by  night.  o..d  yield  recorded  readings 
for  later  interpretations. 

In  this  Ilyht  a  discussion  is  being  narte  on  several  instruments  usable  for  the 
evaluation  of  soil  trc^icablllty,  such  as  a  cone  index  measuring  instrument  ithe  p«ne* 
trometcr)  a  soil  shear  measuring  device  tiUe  shear  vane*,  and  slope  measuring  instru¬ 
ments.  Special  dexripUon  <.i  given  of  a  cone  peuetromeler  developed  in  Israel  which 
records  graphically  the  penetration  resistance  versus  depth. 

latroduttion.  —  J^oil  tninicability  has  a  subject  of  grojit  iinpor- 

tanco  to  th;  niilitnry  nwiu,  tlic  tatiica!  planruT.  For  a  long  time  it  lias  j\ist 
been  in  u  category  of  research. 

Soil  trjifiicability  p reel ict ion  whttlicr  it  be  by  a  theoretical  or  an  c.xperi- 
inontnl  metlHul,  required  the  evalu.ition  of  .some  other  factors  related  to  soil 
l)]iysical  propeitie.s  bcforeliaitd.  Such  vvuluationa  of  factors  require  iristru* 
mentation. 

In  the  dcvcloi)nient  stage  the  cone  i)enetronicter  was  designed  to  fulfill 
the  requirciiunt.s  of  research  work  in  soil  trnfaeahility.  It  worked  best  by 
trained  jieople  under  (juiet  conditions  and  yielded  preeisc  individual  readings. 
For  praetienl  use,  wlien  this  iiistrumeiit  .should  serve  as  cciuipinent  for  recon¬ 
naissance  parties,  it  i.s  importnnl  that  it  be  operative  by  the  smallest  jmssible 
erew,  not  neee.ssavily  higlily  trained,  by  day  and  by  night  and  yield  recorded 
readings  for  later  interpretations. 

In  this  light,  a  special  desi;ription  Ls  given  of  a  cone  ponetrometer  developed 
in  Israel  which  rceorcLs  graiihically  the  peiutralion  resistance  versus  depth. 

*)  Corps  of  Kngiueers  Israel  Dcf<roce  Arxajr« 
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Factors  to  be  ncasored.  —  A  close  observation  of  factors  which  govern 
the  trafficability  properties  of  an  area  indicates  tlie  imijortnnce  of 
ground  strength, 
ground  slope. 


V 


Mg.  1.  —  JJial  p<>DetroRiet0r. 

On  the  other  hand,  thew  factors  arc  dependent  on  otlior  variahies  such  as 
soil  physical  properl  ies  and  soil  moisture.  Evaluation  of  tho.se  other  variables 
arc  not  needed  if  there  were  meaii.s  to  determine  tlic  main  factors  precisely. 
Ground  strength  and  slojw  cun.stitute  the  hey  to  tiafneal)illty  forecasts  from 
i-thc-spot  quick  field  testa. 

Present  day  instruments.  —  Existing  instruments  in  military  use  fall  in 
two  groups  corre.sjionding  to  the  two  factors  they  have  been  designed  to  incnsuic  : 

Strcngt!>  measuring  instruments; 
eoiic  pcnctroincter  *  (fig.  1), 
aerial  peiictronmter  *, 
shear  vane^ 
remolding  instrumcnUi  *. 


J-..^-,  -.V..  -..tr 


Slope  niciisiiriiigr  iristrunu'iit.s  (fijj.  2) : 
hand  level, 
inclinometer. 

Not  listed  are  the  usual  instruments  found  in  the  soil  mcchaiiics  laboratoi  i’s. 

Drawbacks  of  pre.^ent  daj  iiKslnfments.  —  Jlost  of  the  present  day 
traffienbility  instruments  in  pr.utieal  military  use  v.crc  originally  de\eloped 
for  traffienbility  ivsearelt  work.  Few  were  de.signcd  .spceifieally  for  military  use. 
Most  of  these  iiistniments  possc.^  a  number  of  drawbaeks  in  ai)plicalion  for 


niij-MtA^.,.j,.>^^  ^  r  -.  ii.u  ^^.■i-.i.-.^».>«4  ,  ■■-J',:.c.'j  J,-..  .  -J-  ,-  iv  .  »..-u-.  ■-...■  .  -  _, 

■'£  I 


—  449  — 

practical  work.  It  is  worthwhile  to  cxnmine  these  disiidviintages  in  order  to 
better  develop  iniprovotl  instruments. 

Listed  below  are  a  miinber  of  important  ilrawbaeks  to  in.strumenli 
presently  in  use  which  may  be  partially  or  eompletely  eharueteristic  of  them: 

1)  Rerpiire  an  operntiag  civw  of  two  or  more. 

2)  Not  (lesiKiiod  for  speedy  operations,  where  and  when  a  great  number 
of  readings  have  to  l)c  taken. 


Pig.  ^.  • —  Ui'rorUinn  |•^•lK•lrom^'l.-^  ill  uinTKliuii. 


:i)  Require  observation  and  reeording  of  separate  readings. 

4)  Require  instantaneous  roadiuj^^s  of  small  instnimeiits.  Human  error 
under  such  an  arrangement  may  be  large,  partieiilarly  with  not  ver.v  experieneod 
operators,  or  under  strained  working  conditions. 

5)  Not  designed  for  night  work. 

6)  Construeted  of  preci.se  .iihI  fine  p-iits,  stteh  as  u  dellectuinctcr  on  a 
penetinmeter. 

Sujge.-.ted  ivaprovc'.uents  for  tbo  ncv/ly  developed  iDr,traja‘;.'i.t3,  ■ — 
1)  JIn.st  be  rugged,  slioehproof  and  should  not  consist  of  delicate  springwork 
or  other  parts. 
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I’h);.  .V  —  Keconliii;;  Mni't rrmioler  ilctuT. 


Fig.  6.  —  Example  of  reionleJ  i>enetrBtion». 


'  A  proposed  recordinj  pcnvtromctcr.  —  Tho  mi.i*  iinictronutor  imasui’cs 

j  soil  slivii"tli  tluough  the  rcsistiince  to  ponetraiion  by  a  stniidiud  eonc  of 

1  viiiioiis  depliis.  Tlic  pciielroiui'ter  developed  by  the  U.  Coi  ps  of  Ktiginoeis 

■  moit.sures  tlie  force  ;ii>plieil  in  t'oieinp  (he  cone  taTOnyh  tlie  soil  l)y  tlie  tlelleetion 

i  of  n  proving  ring  as  .shown  by  n  strain  dial  (tig.  1). 

'  In  spite  t)f  a  nunilh'r  of  advantages  over  other  ty])es  of  instrnnu  nt.s,  the 

i  present  day  peiutronuter  Iia.s  most  of  tlie  drawkeks  listed  above. 

With  the  list  of  sngge.sled  imiiruveinents  in  mind  a  new  penetrometer  was 
develojied  on  the  principle  of  a  veeording  instvr.ment  thg.  d,  4,  5). 

A  dcsefiption  and  discussion  of  ll'.e  lu-.vly  developed  reenrding  i)enelro- 

■  tneter  is  “'ven  below.  It  's  esrumt..^  tlmt  simii.ir  nK>dilieatii)ii.s  may  be  made 
to  other  instruments  used  for  the  traff.eability  evaluation  of  a  soil. 

i  Principle  :  'I'he  reeurdiiur  penet'’onieter  me:'.- '^res  siimdlaneously  the  force 

rctiuirv'd  to  piisli  a  standard  cone  (0,5"  ei-os-,  .sivtional  area),  into  the  ground 
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and  its  depth  of  penetration.  The  rcading.s  are  recorded  on  a  paper  attaclied 
on  to  a  rutatuig  drum.  The  rotation  of  the  drum  is  activated  by  loosening  of 
a  cord  allowing  a  spiral  spring  to  unwind. 

Method  of  operntion :  The  starting  position  of  the  penetronicter  is  as 
follows :  the  penetrometer  is  set  on  its  two  extension  rods  with  the  point  of  the 
cone  just  touching  the  ground  siirlare.  The  cord  is  pulled  out  and  tied  to  the 
u{>erutor's  foot.  At  thi.s  positiui-  tlte  cord  length  i.s  al>out  that  of  the  extension 
rods.  In  pulling  out  the  cord  an  internal  spiral  s])ring  is  wound  np,  thereby 
causing  the  dntni  to  rotate  and  reneli  a  starting  position.  As  soon  as  force  is 
upplietl  fnin«  above  to  push  the  eoiie  into  ll\e  ground  a  vertical  spring  is 
ooinpre.ssc'd  .so  that  a  recording  pen  is  lowered.  At  this  time  the  cord  hooked 
to  the  operator's  fo«»t  hai.sens,  allowing  the  .s]>iral  spring  to  unwind  and  rotate 
the  drum  back.  A  line  drawn  on  the  p;i]>i  r  is  henee  a  resultant  of  a  vertical 
winponent  (tliat  of  the  force  of  penel ration)  and  a  horir.ontal  componcut  (that 
of  the  dejith  of  penetration). 

About  six  penetrations  are  needed  at  one  .spot  in  order  to  provide  a  usable 
average. 

lutorprctation  of  ground  strength  of  a  desired  laser  Ls  being  achieved  as 
follows.  A  line  (dotted  line)  is  drawn  to  eoinbinc  the  means  of  cone  index 
values  of  whatever  jicnet  rat  ions  there  were/ at  tlio  6",  12"  and  18"  inail;.s. 
The  3",  !l",  Ifi"  marks  are  inidnmrks  for  the  0-C",  G"-12"  and  12"-18"  layers 
respectively.  The  iiitei-seelions  of  tlie  dotted  line  with  the  3",  D"  and  15"  marks 
are  taken  ns  the  mean  cone  index  value.,  for  the  respective  layers  (fig.  0). 

(’alihration ;  a  pressure  of  lOO  psi.  results  in  a  3  cm  eontraetion  of  tlic 
eontraetiou  spring.  A  penetration  of  24"  results  in  a  peripheral  rotation  of 
aliout  15  cm  inovomenl  of  a  point  on  tlie  eireumfeienco  of  the  rotating  drum. 

Conclusions.  —  ThLs  paper  intrcxluecs  a  proposed  recording  penetrometer. 
The  .sugge.stioii  ha.s  »irLs<-ii  as  a  result  of  a  long  pcrirnl  of  ohservation  of  prc.sont 
day  instruments.  The  recording  penetrometer  is  bclie\i,\  to  be  superior  to  the 
ilial  penetrometer.  It  provides  a  picture  of  what  happens  throughout  a  parti¬ 
cular  layer,  not  just  a.  specified  bomularies. 

W.here.is  the  rerording  penetrometer  has  answered  to  most  of  the  roquiro- 
nients,  there  Ls  n;i'  tln  r  penetrometer  in  produefion  alreaciy  with  further 
imidifieations. 

Futtire  work  wilt  be  jii  ueu  at  the  ii’odifiealion  of  other  classes  of  i)'struments 
used  in  trafiieahility  analyses. 
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W.  J.  TURNBULL.  —  In  Iiis  int'.'-cntiilioii  of  llii'  piiin-r  Mnjor  Cohen  li.slrd  some 
K-nt\ircs  of  tlio  U.  .S.  Ainiy  En-jinoor  \V:ilei\v;iys  |■■.vl!(■l■illu■Mt  Station  eone  peiictronieter 
(hat  he  feels  are  det  ri mental  tt»  the  cllieient  pntlieiinf;  of  eone  imk'X  dat.n  in  the  field. 
In  his  opinion,  tunny  of  these  defn-ieneies  eiin  he  eliminated  hy  n  deviec  to  record 
Atitoninticnily  the  tone  imlex-depth  rehition.  The  l.-iaeli  Tiallieahility  llesee.reh  Team 
is  to  bo  eoin))limonted  on  its  intientiity  in  developing  sneli  n  deviee  for  field  u.s«. 

Some  of  the  shoiteomin^s  of  the  eone  peiielronieter  de.seiilu'J  by  Major  Cohen 
hnve  been  noted  hy  others  who  have  used  it,  inehidinjr  the  Waterways  Kxpt'i iiiicnt 
Station  itself.  However,  it  1ms  been  eonelniled  that  the  adv aiit.aycs  of  the  present 
inorlel  of  tho  penetrometer  ontweifrh  the  disadvantages  and  that,  for  the  most  part, 
the  inslniment  is  eptite  praelieal  for  military  use.  The  peiutroiimter  and  detailed 
procedures  for  its  use  in  tine-'^rnined  soils  me  desi  vihed  in  I’.  S.  nepartmeiit  of  the 
Aniiy  Teohnieiil  Hnlletin  KXO  37,  <  Soils  Tiallieahility*. 

This  is  not  to  say,  however,  that  the  self-iceordintr  iVnluro  would  not  he  a 
desirnhle  iinjirovoment  if  it  eoiihl  he  mliieveil  without  .sneiilicint'  otlier  tuvorable 
(hnrncleristies.  The  self-rceorditn:  jienetiomcler  devised  by  the  Israelis  ntili/es  a 
helienl  .spriiij;  in  eompressioii  to  tnensurc  the  applied  loads.  It  has  been  the  exj)crience 
of  the  Waterways  K.\pciiinent  Station  that  this  type  of  load-iaea.snriiio  ilevirc  is 
not  eiilirely  satisfnelory.  Stieh  a  .sprinj'  with  a  hui.'e  travel  lias  n  iionliuo.ar  load- 
coniprr.ssiim  relation.  Hecnn.-.e  of  the  relatively  .meat  movement  of  the  .sprino  the 
instrument  is  very  dillieult  to  control  in  .soils  of  ineirulavly  varying  stren.sjth  and, 
for  similar  reasons,  the  results  are  sometime.s  ;;renllY  inllnetioed  by  tho  skill  of 
the  operatttr. 

It  is  svi).rt:esteil  that  a  piovinp  line  or  beam,  or  perhap.s  a  lielieal  spriiijj  in 
tension,  should  replnee  the  eompression  .sprinp;  and  liiat  a  relatively  stiff  .sprint;  be 
oinnloyetl  with  a  device  to  ntnl>lify  dollcctiuns  at  the  reeordor. 
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Brief  description 

of  the  six-component  oblique-roliing-wheel  machine 
recently  constructed  and  tested 
at  the  University  of  Western  Australia 

Breve  descrizione 

di  una  macchina  a  ruota  inclinata  a  sei  component! 
recentemente  realizzata  e  sperimentata 
dall'University  of  Western  Australia 

.1.  K.  PlULLII'S  •) 

ABSTRACT.  —  The  machine  heing  described  is  a  €  sU-component »  machine  in 
that  It  u-'lll  measure  all  three  components  both  of  the  oblique  reaction-force  and  of 
the  oblique  reaction-couple  tcltick  act  from  the  ground  on  a  rolling  wheeL  A  single 
Wheel,  stationary  in  the  machine,  -.nay  ben  set  to  my  chosen  coinbination  of  drift  and 
camber  angles,  it  may  be  driren  or  braked  with  any  chosen  hiil)-torque.  it  rnay  be 
caused  to  carry  whatever  vertical  load  is  chosen,  and  it  will  roll  on  u  continuoiis, 
deformable,  sandy  «  roads,  which  is  caused  to  travel  re...-wcrds  relative  to  the  wheel. 
Some  Tcrnarks  are  made  about  the  advantages  and  di'-advantages  of  this  machine  as 
a  laboratory  device,  and  the  general  purposes  for  which  it  was  designed  and  built  are 
briefly  mentioned. 

Introduction.  —  Tli«*  lifliavimu-  lhi‘  flexible  vehicular  •.ehccl  when 
liowcred  jiiul  olili((iir-n>!liitp  on  dri'orniahlc  gi-ouud  is  noi  well  iiiulerstood. 
Indeed  file  inueh  .siMipler  iM-liaviour  uf  what  luiglit  be  e.illed  tlio  powered, 
plniu'-rolliiiK  wlieel  is  even  niystoiieus  enough  li*  w.rriaut  furtlu  r  sttuly.  A  eonnd, 
I'undiinientnl  iiieehaiiies  of  jioweied,  plane,  and  obliipie  i-ulliii)'  is  slowly 
developing;  but  s[>eeiiil  laboratory  luaehines  are  still  napviired  for  studying  the 
plu'iioniena  and  for  isolatiinr  the  minierous  variables  \\  hieli  aiv  involved. 

y\U'h  a  laluiratory  niaelniie  has  been  disi,umsl.  built  aitd  teshd  at  the 
L’niver.sity  of  We.stern  Australia.  It  will  i)eiinil  tbc  fonas  and  eouplcs  acting 
U]>on  a  driven  or-braked,  oblitiue-rolling  wheel  to  Ih'  inea.sured  wliitc  the  wheel 
itself  may  be  set  to  run  witliiu  a  wide  range  of  difi'eri'Ut  v^oiidii iun.s  of  rolling. 
Camber  angle,  drift  angle,  ti»ii|Ue  at  the  l»nb,  vertical  load,  angular  and  linear 
velocities  of  tac  wlieel,  nature  of  tlie  wlieel-riia,  and  natmo  of  the  ground  on 
whioli  the  wlieel  in  eansed  to  ri'll,  are  all  either  .se'parately  iilterahlc  or  freely 
ad.iustahle.  Measnu'’iienls  may  be  made  under  eaeli  condition  of  lolling  which 
will,  when  suitably  processed,  give  ail  the  iiU'er'ualion  re(,uived  for  quoting 
the  total,  force- jihiseoiiple  reaetioii  from  the  ground  upon  the  wheel.  Also 

*)  I'liivornity  of  \Vi:.lerii  .\iist r.itis,  Ncainnds,  Auslrnlin, 
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«  slip  »,  «  rollint?  |■^•sistance  !ind  otWr  suoh  arbitrarily  dofiutd  nlirnomcna, 
may  Ih?  studied  by  usiiij'  the  niaeliino. 

What  iollows  is  a  dcsrriiitirn,  without  dh'sn'.ms,  of  tlu'  inachiuo.  Numbers 
in  parenthosr's  at  the  ends  of  paraj'raplis,  however,  refer  to  the  appended 
piiotoftraphs, '  1  to  10.  Tlu'se  slauiUl  be  consulted  as  ro<iuiro<\  for  elarifioatiim 
of  the  text. 

General  workir.g'  principle.^.  —  The  wheel  —  there  is  only  one  wheel  — 
help.s  to  support  the  rear  end  of  a  special  ehassi.s.  The  chassis,  to  be  desevil)cd 
ill  fuvtlier  detail  later,  ihH-.s  not  c  travel  »  init  remains  at  rest;  it  is  pioveiilal 
from  «  toppliu;;-ovor  »  hy  b  'in^  ..!sj  .supportinl  at  its  fro’U  end  by  t'.vo  I'res'lv- 
s'vii;;;i:i;.',  tie.xUjle  cables  wldeli  exn  nd  fr-'iu  ad jv:s:ah!c  tiv:ii;:s  on  the  rorif  of 
the  la.boratory  down  to  alju^tahle  ri:;!n"s  »lis!,.-iverl  en  ritlau'  side  of  tl;e  centre¬ 
line  of  the  cln.s.is  itself.  T’  e  wlnn  l  rolls  on  a  tn  rolinill-lihe  conveyor  belt, 
suitaiily  surf.n-ed.  Tlie  cor.veyjr  belt  is  seppinted,  below  tl;e  svl.eel,  hy  a  jiiaten 
of  special  rollers;  this  pla’.en  l.elps  to  pi  ovule  a  tiemiy  l>;',sej,  yet  tnovii'o, 
«f;rouiid  *  on  wliieh  the  wheel  luay  roll.  The  a,roniul  travels  i-earwe, r:ls  rcir'ive 
to  the  wluH.'l  (fig.  3-1). 

AVIio’.i  the  innehine  is  vorV.my  the  chassis  is  at  rest  in  eiinilihriuin;  the 
external  forces  .and  conple.s  netiiijr  on  the  eha.-^sls  sum  to  zero.  The.-.e  e.Lteriuil 
foret's  aiul  emijiles  are:  ,i)  the  weijrht  of  the  whole  c!’..i;;sis-..n  l  wheel  jr.sei  ably 
aeliiig  dowMwaids  thronyh  its  cent ■.■c-of-ni.uvs;  h)  tb.e  ten.sirui  in  one  of  tbo  sup¬ 
porting  euhle.s  atting  obliiinely  apwards  .aloe"  that  eable;  e)  ilio  coerespondeeig 
tension  , acting  oblifjnely  upv.'.inbs  alon;'  the  otlur  eahle;  d)  tl.o  foree-jdas-couplc 
reaction  from  tlie  "round  upon  the  wheel. 

Btielly  Sjioalnn"  the  tiiree  pure  force.s  .al,  hi  and  e)  ore  mr-wu.ed  .and 
located;  tlieir  cquilihr.uil,  the  tolal  ror;-e  ph:.---eoe.-.le  ieeelion  oa  the  whc' 1,  is 


oaU-uhitod  Ity  ji  iitHhiKl  of  vocl.ir-iuldil ion.  i:-,  'i'.'  u'iiil  tlio  ilirce  i)’iro 

fori.T.s  moiititnifil  ;irc  not  I’oniurrorit ;  no”  ore  t  in (!■]  .ii.ni,  so  1.  ■  i  .  ii-  u>.<(l 
vcotoi--oddi;i<)us  (one  for  oovli  sclun},'  of  llio  innouiiii')  an-  iUH  v>.sai  il-  l!>vco- 
«.liineii;;;onnl. 

Kofoioiici?  (IM.oO)  tivscii's-s  soino  ])V('vi')us  \vf>rk  on  uliktiuc-rollinf;  '.vl'.cois 
of  h  .similar,  1)iU  inin-h  crinliM-.  Idnul,  wliiln  ii  fi'niu-i'  (lf>n,))  lU  a-ribos  a  I'vaiihicnl 
iin  ilu'd  v.aifh  lias  its-l.  in  conjunclivai  uitli  n'.ina'i'inal  im  thods,  lor  tlic 

vnrnir-aiji'til.ions  of  Uio  £orct;.s. 
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VTheel-drive  assembly.  —  Tlu-  whoi'l,  its  nxir,  its  driving  iiiotof  and 
pos'.vr-trnii.sinission  nfc  all  inountod  on  a  compact,  n^itl  Iraino.  This  fi’anio  may 
l>c  iiltod  ailjnstahly  alamt  a  hofi/.ontal  hiitua  whiili  is  nujiiiitcd  at  fi"l\t  an^ilos 
to  tlio  axle,  so  tliat  a  alatsi'ii  «-amb',  r  anjila  Ji  for  tba  '.vlual  may  bo  S(;t.  The 
h(ti'i/.onfal  ititijio  is  supjmrtod  bitliin  <»  soomul.  oiroulai-  t'raiiu'  wliioh  may  1)C 
swuiti:  adjustably  abottt  a  vortical  axis  so  that  a  cluis.oii  anisic  i,  in  plan,  may 
be  .sot  bctwooii  tin-  linc-of-iiiti  i'.sociiuu  of  Iho  iicriuhi  I’al  pbuio  of  tin*  wbeol 
and  siiitu'  horizontal  piano,  and  the  ocnlro-lino  of  the  chassis.  Thus  the  whole 
wiicol-drivo  assembly,  which  i:>  carried  witliin  a  circular,  horizontal  housing  in 
the  r-hassis,  jiciiuits  Iho  wheel  to  be  set  at  r.ny  obliiiue  angle  (hg.  1,  7,  f'). 

Whereas  t!u-  c.'.inhcr  atigle  ft  may  be  set  to  any  chosen  value  by  moans 
of  tl'.e  adjustment  provided  —  the  eha.ssis  is  arranged  always  to  rnn  in  a 
■s  le\el  »  j'osition  —  the  drift  angle  o  at  w!\ieh  the  wheel  will  netiudl.\’  run 
on  the  road  cannot  Im  so  set.  If  k  is  the  angle  in  idan  which  happens  to  occur 
hetween  ihe  eentredinc  of  the  chassis  and  the  direelion-of-travel  of  the  ground, 
then  the  drift  angle  n  —  «  Jr  *. 

Tise  driving  motiu'  ineut ioneii  is  a  1.0  HI’,  250  volt.  DC’  motor  designed 
to  nm  at  1500  Hl’M  attd  to  <'avry  a  maximum  current  of  :1,5  amperes.  Its 
field  wiiuVmg  is  .sepawitely  excited  with  a  eonsii.nt  2.10  volt  IKl  sui>ply,  while 
the  voltage  apjtlied  across  its  armature  is  ailjustablo  from  +  2.50  volts  DC 
through  zero  to  — 250  volts  DC.  Whenever,  therefore,  the  wheel  is  not  in  contact 
with  the  road  —  the  vvhe.lc  chassis  may  be  leusied  Uj)  —  the  wdiccl  may  be 
can.sed  to  rotate  with  r.ny  cho.seii  e.ng’ihji.  xidocity,  posili\e  or  negr.tive,  within 
a  range.  The  powec-transiiiissimi  .system  from  the  motor  to  the  Nvlucl  includes 
.1  15  ;l  .snced-r.-duction  ratio,  so  ihc  maximum  and  minimum  angular  velocities 
of  the  wlu'el  under  the  mcniioind  ciremuslanees  :irc  roughly  d-  lOO  lU’et  and 
—  100  IH'M  tfig.  2,  7). 


The  pnilicuiar  wIk'oI  niountod  in  tlio  machine  at  present  has  a  pneomatie 
tyre  of  nominal  size  H  fiO  X  10,  that  is  it  has  a  pctiphcral  diameter  of  roughly 
17  inches.  Camber  angles  ^  of  up  to  45’  are  obtainable,  and  the  angle  t  may 
be  set  at  intervals  of  5*  througjiout  the  range  360*.  As  an  indieation  of  the 
overall  size  of  the  wheel-drive  assembly,  the  diameter  of  the  circular  housing 
in  the  chassis,  which  is  the  « equatorial  »  diameter  of  an  imaginary  sphere 
enclosing  the  whole  assembly,  is  roughly  22  inches  (fig.  8). 

Witliiii  the  wheel-di  e  assembly  there  is  also  aceommmluted,  concentric 
with,  and  near  to  the  <  huh »  of  the  wheel,  u  meehanicul  torquemetcr;  the 
torijneineler  indicates  on  the  face  of  an  ordinary  dial  gauge  the  torque  M 
ajiplicil  at  the  hnli  of  tlie  wheel;  the  toripic  M  is  not  tie  torque  applii-d  at 
tli(^  axle,  but  the  algt  lnaie  sum  of  the  torque  a[)i)lied  at  the  axle,  say  Alp,  and 
the  «  friction  »  toniue,  say  M,,  which  is  «  lost  >  at  the  supporting  licaring.  It 
Ls  neeoidingly  [lossihle  while  the  wheel  is  rolling,  by  means  of  the  mentioned 
electrical  control,  to  adjust  the  torque  M  diis'ctly,  to  whatever  eho.scn  value 
might  he  icquinsl.  M  may  he  made  zero  (and  thus  the  wheel  neither  driven 
nor  hrakodi,  or  «leereiised  in  tlie  direction  of  braking  to  roughly  — 125  Ib.ft., 
or  ineiciised  in  the  direction  of  driving  to  roughly  +  75  Ih.ft.  Kxeept  to  say 
that  the  toniunnctcr  works  on  the  principle  of  measuring  an  axiil  twist  due 
to  the  bi'iidiiig  of  two  equally  loaded,  hall-ended  eantilcvers,  no  detailed 
description  of  its  working  is  given  iierc  (fig.  7). 

Provision  is  made  around  the  hub  of  the  wlieel  foi’  attaching  various  sizes 
of  si)lit-rini  for  aecommodating  varioas  sizes  and  kinds  of  pneumatic  lyir. 
T.vre.s  iiia,v  aceonliiq'l.v  he  cliaiiged  or  <  turned  over  »  willioul  ditilurbiug  any 
part  of  the  wheeUlrive  assembly  or  the  lorciuenieter  already  described  (fig.  7,  8). 


The  travellir.j  ground.  —  A  rahliciiscd,  3-ply  conveyor  belt  33  uichcs 
wide  is  carried  on  two,  21  inelcs  diameter  pnlli.'ys  sol  willi  their  centres 
140  inches  horizontally  apart.  In  the  ncigiil.'onrhooJ  of  the  v.hecl  (\  di  rolls 
on  the  tojv  side  of  tlie  upper-run  of  the  conveyor  belt)  n  platen  U'  ,lx  .steel 
rollers  (2. 2-5  inelies  diameter  ami  at  2.50  inches  centres)  siiiqmrts  ti  c  n'  -:ht 
of  the  ulieel,  the  jdateii  hearing  Upwards  againsl  the  underside  of  the  uppcr-i  tin. 
The  six  rollers  ais'  each  ileeply  indented  with  three  V-groo^'e.^  which  nceimimo- 
dato  threi'  eiidle.'.s  V-helts  firmiy  rivetted  to  the  inside  of  the  iin  iit  ioii.’d  conveyor 
hell.  The  fuiiclinn  of  these  V-lielts  and  gni-jves  is  to  neeejit  and  to  resist  the 
heavy  si^kways  loads  on  the  licit  omasioned  liv  the  obliiiae-roiling  action  of 
tho  wild  1  (tig.  8,  1). 

I.leeavisc  the  six  rollers  of  tlie  platen  are  dd-ply  indented  with  the  .  grooves 
they  are  unable  to  support  lb*  niselve.s  in  strength  .'i.s  he  ira.s.  They  accordingly 
run,  with  hall-thrust  hearings  (not  axi.dlv  located)  at  their  ends,  sup[H)r’ed 
platen-wise  on  .mother  parallel  set  of  se\<'n.  uniiideated  rollers;  these  h.lter 
rollers  are  mointed,  with  ball-joni iial  Is.-irings  ni  their  ends,  in  a  liro  d  finme 
inuaediatel  lielow.  'I'he  ivhole  Id-rulh  r  as,‘,eia]ily  extends  all  tlie  \»:iy  .".rross 
t.'C  umh'is.ide  of  ilie  upper-run  of  the  eoiuvyor  belt  (fig.  S). 

At  (lie  iiri'sent  time  a  chard  roa'l  »  snrf.-.'c  is  nniile  on  Itio  belt  •.vdh 
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a  heavy  si)iiiikliii('  of  laigiiton  liu/./aird  sand  i*nibe<]dt(l  in  a  thin  layer  of 
«  Neoprene  >  li()uiJ-ruWlH‘r  ceiiicnt.  This  snrfaeo  has,  so  far,  sl.uv.n  itself  to  be 
resistive  to  abrasion,  and  Hnni<'icntly  elastie  to  nevoliale  the  fairly  steep 
ciirvalure  of  the  eouveyor  pulleys  without  crac-kinfc  tfijT.  1,  2). 

The  belt  is  driven  by  u  440  volt  AL',  IJ-plinse,  n.O  HP  motor  provided  with 
a  built-in,  iiieebanioal,  «HroUt)y>  voiriator,  delivering  its  pow.i  tbroufch  a 
motor-ear  gear  box  and  a  roller-eliain  s]>e<(l-reduetiou  system  in  such  a  way 
that  n  range  of  linear  speeds  for  ibe  belt,  from  2  to  20  iVet/soeoini  arc 
obtainable  (fig.  3,  4). 

It  is  juoposed  ultimately  to  feid  bsv-o,  dry  .sard  onto  t'lv  road  from  a 
hopper,  to  be  .smootlied  under  an  adjn.'table  <  grader  j  fm-  eonu.  e ay  of  depth, 
before  it  i.s  c.irried  abn;g  and  nr.der  ♦lie  wheel,  tl;e  sr.ad  to  be  ibi  n  rotr.rjicd 
to  tlie  hopper  for  eonlinuous  reein’iilatinn.  presently,  L’wv.'ver,  tnaci'.ir.c  is 
being  us- d  to  advantage  in  its  «  Iru-il  road*  coiiditin::,  ibat  is  with  no  tooio 
.sand  iK’in/r  used  at  all. 

Cbr-.'r.is  rrd  .'ii’.pi; jl'i:!'"  eablcs.  — •  I.oni-ing  in  tr.e  diretli  :;-eC-travel  of 
the  road,  the  ehassi.s  is  seen  to  extend  from  left  to  i  ;'.:lit  eeia*...-.  *!'.e  ro."d ;  at 
its  left  and  l  iglit  extn  initic.s  it  exlen  l.r  davviiwa rds  in  ibe  fm  i.i  ei  two  « Icg-s  ■» 
whieli  .straddle  tlic  eonveyor  belt;  underneath  the  ’..jivi-r-iun  of  lae  eoiiM-yor 
belt  the  chassi.s  extends  r.ero'svvise,  joining  together  the  two  o x; ...  aiitii's  of  the 
legs.  Tlie  elie.ssis,  in  other  word:.,  is  a  rinid  <  1)ox  »  ■.'irmundi'  .:  ;!ie  road  yet 
making  Oontael  willi  it  only  via  the  single  wheel;  iiinvlivii-  ela-  t'lii  at  the  wheel 
does  the  ebassi.s  aiid-wlieel  assei  ’i)y  t*n'.fli  the  veil' i.i'lt  a.  :nl)ly  (fig.  3, 
10,  !)). 

At  the  lop  of  tb<-  ehassi:!,  at  the  «  fi'nit  >  mid  lopposite  to  tlial  of  the 
wheel),  two  ad,instable  d.-\iees  an-  nmnuted  wliieh  ;v.  r-iiil  tlie  gi'  ib.  1-jiv.iited, 


lowiT  CMcls  of  thr  supporting  oa1>U-s  Jo  be  set,  iwlnr-wlso  and  hni  i/ontally,  within 
a  range  of  diftVient  p^isitionH  (fig.  6,  5,  4). 

CJoriYsjxnuliiigly,  and  attached  to  the  concrete  roof  of  the  laboratory, 
there  is»a  system  of  rails,  adjustnblc  giiiitrie.s,  and  travelling  trolleys  which 
permit  the  ginilKil-joiiitetl.  tiptKT  ends  of  'he  suj>portiiig  cables  to  l>c  set, 
Cnrtcsinn-wise  and  horizontally,  within  a  range  of  dilTerent  positions  (fig.  5,  4). 

The  sup|H>rting  calilOH  themsclvi's  are  of  tlexible  steel  rope,  0.125  inches 
diameter.  For  each  cable  pi-ovisiun  is  made,  by  means  of  a  .somewhat  compli¬ 
cated  hoisting  a?ul  locking  ari-aiigenient,  for  adjtisting  the  actual  length  of 
ealile  exlemliiig  iH-tweeu  the  npiu'r  and  lower  gimhal-joints  (fig.  5,  4). 

As  an  int*gral  purl  of  the  lower  part  of  the  chassis  (the  j)nrt  below  the 
lower-run  of  the  eunvcyor  boll),  a  inochanieal  arrangement  is  provided  for 
moving  a  basket  of  lead  blocks  from  place  to  j>laei'  (,’artosian-wisc.  Illoeks  may 
Ik-  inserted  or  ti moved  from  the  basket,  and  tlie  ba.sket  may  Ih!  locked  in  any 
dosinxl  position.  It  is  by  this  means  that  Imth  the  mass  and  the  position  of 
the  centre-of-mass  of  the  cha.ssis  and-wliecl  a.ss'Mubly  may  he  altered  as  desired. 
Tho  mass  may  Ik-  altered  from  roughly  0.50  pounds  to  roughly  850  pounds, 
and  the  posilion-in-plaii  of  the-  cen'rc-of-inass  may  Is'  adjusted  within  a 
ro'.i  ghl  y  eireiilar  area  of  rtutghly  dO  inches  diameter  (fig.  U,  3). 

It  is  important  to  iioii.'e  here  that,  although  tlie  total  mass  of  the  chassis- 
!..'.-’-\v1h-c1  assemhly  cannot  K'  reduced  behiw  the  mentioned  G')0  pounds  or 
therojdiouts,  tlie  vertical  load  sustai-ueil  liy  tin-  wheel  may  iiuili-  easily  be  reduec.l 
to  value.s  approadiiiig  zero.  The  operatoe  needs  -hi'ply  to  watch  an  imaginary 
line,  wliieli  e.xtiiids  befw»s-n  tin-  gimhai-joint.-.  at  the  lower  ends  of  the  cables, 
and  to  adjust  this  line  clc,ser  and  closer  to  the  jiosil ion-in-plan  of  the  centre* 
of-nijuss  (fig.  3,  4). 

Poailion  mea'Ansiiacnt.  —  (b’  the  roof,  or.  ratlu  r,  within  the  roof-asscmhly. 
five  adjustable  ivferenec-buttons  are  in-rmaintitly  and  accurately  set  in  a 
widely  dispoiMd.  e|•uei:■onll  arvaiig'.  uieiit ;  tln-.e  act  as  ii  horii'.ontal  refe-eence 
gi'id  from  wlddi  all  measueements  aie  made  ( ’avie.sian-wise,  with  iilniub-boli.s, 
rule,  dumpy  h  vel,  et<-.,  iu  liu-  liiiei-  oi-rnogomd  diie.-tmii  i  tfig.  5,  4). 

Vfilliin  the  elaissi^.  wbie'a  i>  lir.id,  iu'ights  het-,'.eeu  iiaportant  h-vels  and 
lioiii'oiit  '.l  di>!.ui‘-es  l;eiv.va;i  i;iip.trt..i'.t  pli-a-|-i):-i’ioiis  are  aeeneately  known, 
so  that  a)  a  vei  ii-.d.  gr.;ihiate<i  .'i  ale  on  the  ehassis  wl-ii  ii  is  vit-v.ed  willi  n 
telc.-.coiie  iuul  cio.-s-bair  ii;vvd  in  sjaa-e.  and  b)  other,  h-iri/o-itally  a rr.iu.-.eii, 
augubie  and  li  e.-ii'  S'.-ales  on  the  e’.iassi.s,  pe'-nit  u.-i  to  iix  a)  tin-  overall 
c  heigh!  »  at  v,lii>  h  tl;e  eii:.>-i';  is  i-nuiiiin,  and  b)  tiie  yjie.iiions-in-pl  rn,  relative 
In  the  chassis,  of  the  lower  ;;i’.i-.hril -joints  o'.'  the  sniipi  r!  iinz  eables  iHg.  2.  ti). 

U  sl'.ould  be  iiientie.i'.'d  lo-ie  that  lluee  glass  nnii'.omi-ter  tubes,  nuii.i-eled 
h.v  (Icxihle  tu'iiiiig  In  -.i  eoute-il  re-ervoir  oi  i-oloied  Iluid,  .are  inoniit<-d  vertierdly 
.at  Ihix-e  vvid.-ly  di.-.pev.v.-d  points  oji  the  eliassis  i'raiiie.  'I'lir-a-  inaiio'iutevs  are 
Ured  for  jud.gii;;;  by  .-y,-  vvla-n  tl;e  ihas-as  (tli-e  liorizi.ji'.al  (iicnl.ir  housing 
mentioned)  is  rnnni  ,,t  level.  If  liio  chassis  is  -x  reekin  '*  a  little,  as  it  suiiu-tin’es 
dr;es.  llic  tiej.ibh-  tubes  may  K-  thro'itbd  -■•lh.;i\'.ly  to  steady  the  mauoaieter 
levels  (fig.  1,  3). 
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The  fliiglo  K  wns  incntioJMMl  fnriior.  n;iiin'ly,  tlic  nnprf»'  which  itappena  to 
oectir  in  plan  l)ot\vccn  the  eentrc-liiic  of  the  chassis  ni\d  the  (lircclion-of-travel 
of  the  prouiul.  To  measure  this  anple,  and  to  locate,  in  plan,  tlie  whole  ehassis- 
an<l-whce*l  sissemhly  ivlutis'e  to  the  I'Cteivneo  Ri'icl,  a  special  iipparatus  Ls  used. 
Two  «  pencils  »  (hall-point  pens  affixed  in  the  ends  of  hard  brass  lubes  0.5  indies 
duiiueter  and  20  inehes  (unp)  an' separately  free  to  slide  up\P!rrds  and  down- 
wnrd-s  in  a  fruine  fixed  to  llie  roof;  the  pencils,  who.sir  fixes  arc  acetimttdj 
vertical,  kiiowu  in  jiosition,  ami  accurately  (2  inches  apart,  laterally  stracldlc 
the  chassis;  a.s  the  clia.ssis  peiitly  «  rocks  »,  the  jieticils  write  on  two  «  record- 
pa  pr'rs  >  which  are  dipped  to  two,  sjKcially  constrncted,  horizontal  «  drawing 
boards*  which  are  fixed  to  the  diassis  and  accordingly  rix'k  with  it;  as  the 
gentle  rocking  juocceds  the  pencils  deseiilK.-  irrcgnlar,  tlnnigh  dearly  «  centred  * 
marks  on  the  reenrd-pajicrs.  At  known  tioints  in  eaidi  hom'd,  two  fixed,  iiiiward- 
pointing  pins  pierce  tlie  reeord-papei's  so  that,  after  lanh  papers  have  been 
removed  and  monsiireinents  have  been  made,  the  «  uvi-rage  ]dan-po.sition  »  of 
tlie  eha.ssis  may  he  loeateil  in  relation  to  tin'  reference  grid  (fig.  2,  4). 

This  latter  job  is  ilone  graphie;dly.  Al.-^o  graphicall.v,  witli  tin-  aid  of  special 
teie..atcs  and  oilier  devices  to  hasten  tlu-  work,  the  two  iipinr  and  the  two 
lower  giinhid-joiiits  are  lueated  in  Ixith  [dan  and  dvvatioii  liew;'.  ot  the  machine 
drawn  to  scale.  Thus  I'le- positions  and  directions  ol  the  two  sii)>]>orting  foiecs 
(acting  oiiliipidy  upwai'ds  along  the  caiihs)  arc  established,  llo'.v  the  magnitudes 
of  those’  two  forces  are  measured  and  how  the  position  find  magnitude  ot  the 
force  of  gi'uvitj'  on  the  chassis  arc  measured,  however,  Iniie  .vet  to  he  explained, 

t)n  the  (pu'slion  of  accuracy  it  might  he  mentinnrd  h'  l'c  that  all  dimensions 
within  the  madfuie  fire  si't  or  mea.surid  so  us  to  ho  well  within  the  accuiae^ 
obtiiinuhle  in  gi'uphieat  roinputatioii.  The  locution  in  spaee  of  tiie  geometric 
centtvs  of  the  upper  gimhal-.joiiils,  lor  I'Xiimple,  ure  Iidd  within  spherieal 
toh  rauves  not  exeecding  0.1  indies  diameter. 

Fe-Tc;  ritrs'urctiicrit.  —  Near  tlie  lower  pimbal-joint  in  oaeh  cable  a 
proving  ring  (of  rr.itge  COO  pounds)  is  inserleil  tor  nieasiiring  tlie  cable. leusioii. 
These  proving  rings  iirc  designeil  and  eulilnalcd  ,11  sucli  ;.  wai  that  the  cahlc- 
tei'.aon.s  niai  Ire  I'ceurately  iniTsurcd  to  witliiii  5  pounds  cieii  when  the 
teii.sioiis  arc  lUiotuaiing  about  mean  value.s  due  to  slight  nr-l'ing  ot  the  clire-.sis. 
Arve’’;;*.  nents  me  being  made  to  eonnterweight  the  jiroving  rnigs  in  such  a 
way  tliat  the  eentres.oC-aias.s  ot  the  proving  v’.ngs  will  {■oindde  with  the  geo- 
ni.'lrie  centro.s  of  tlie  1  ivver  giinbal-joints;  until  tliis  couati  rw  'igliting  is  done, 
the  pre.-aiit  masses  (alout  0  poniuls  for  I'aeli  ring)  will  i-ontinue  slightlv  to 
inU-rfei'c  with  tlie  ncei  rate  .i.ssi-ssment  of  the  directions  of  toe  tensile  forces 
(fig.  4,  5.  6). 

Tlie  e.iilv  remaining  feree  to  he  measured  now  is  the  foice  ol  gravilv  wliicli 
acts  tln.ii'.gii  the  cenlreof-i'ia.ss  of  the  diassi:i-aad-v,h"l  asM'iiibly.  In  order 
to  mi'.’..'  nv  i.liis,  three  «  hooks  »  fried  on  the  elia.vds  are  ili  -;io  ed  in  a  triangular 
niaiii..T  •!i  iis  to  straddle,  in  pda.i,  the  position  of  tlu'  I'l ni  I'l'sif  imiss.  Ha  re  arc 
two  of  tk.ei.e  liool;.s  at  the  front,  nnd  one  .at  the  rear  of  tlie  eUas.-.is;  and  tlieir 
poiit i'.iiis  in  jihau  on  the  du. ssis  are  ncvuraidy  known,  i  lirc<‘  inoilng  lings, 
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similar  to  those  iilrendy  mentioned,  are  supported  on  three  otlier  hooks  suitably 
fixed  in  space  so  as  to  match  the  three  hooks  fixed  on  the  chassis.  A  simple 
annngemi  iit  of  hnnd-poueretl,  riitchct  winches  permits  the  whole  cliassis-and- 
whccl  ossciiibly  to  lx*  hoisted  and  hung  on  tlie  three  suspended  proving  rings, 
this  being  usually  done  after  each  running  of  the  wheel  has  been  otherwise 
recorded.  From  this  it  will  he  clear  how  tlie  total  mass,  and  the  positioii-in-plan 
of  the  eentre-of-mas-s  of  the  eha.s-sis-and-whcel  assembly  mav  l)e  determined 
(fiR.  10.  8,  2). 

When  « hung  on  the  hooks »,  incidentally,  the  chassis  is  level,  so  that 
general  mainti'iiniice  work,  elicekiiigs  of  dimensions,  ealihrations  of  the  tonjue- 
meter,  M'ttings  of  the  manometer  zeros,  etc.,  may  all  Ik*  done  conveniently  with 
the  chassis  in  this  position  {fig.  2,  3,  8). 

Some  final  remarks.  --  In  this  descriptive  explanation  of  the  machine 
tiic  author  sees  no  proj'cr  place  for  arguing  what  i  Selieves  to  Ik;  the  merits 
or  demerits  of  tlu*  aiaehine.  lie  would  liowevi  like  lo  argue  here  that,  because 
the  wheel  is  free  to  «  find  its  own  level  »  in  this  maehine,  the  machine  is  able 
to  «  aceomniodate  itself*  to  loe.-d  irregularities  m  tlie  wheel  itself,  and  in  the 
ground,  without  causing  the  troublcsoiiie,  transient  distmhanees  in  the  forces 
indicating  a])  pa  rat  us  which  would  he  a  featuie  of  other,  more  «  rigid  »  machines. 
The  dial  gauges  of  the  proving  rings  ivinaiii  remarkably  steady;  this,  associated 
with  the  obviously  stalile  cecntroiug*  temleuey  of  the  jieueil  murks  made  on 
the  rccord-pa|iers,  Icad.s  one  lo  argue  that  tlu*  machine  « absorbs  its  own 
transient  disturbances*,  by  virtue  both  its  fivedom  to  4  aeeommodnte  *  and 
its  inertia. 

Another  relevant  comment  liere  is  iha',  1h cause  the  niaehino  is  «  universal*, 
it  may  Ik*  used  to  study  the  mechnnies  of  tin*  jihine-rolling  whivl  as  well.  The 
plnue-rolling  eoiulition,  of  course,  is  ext-ant  whenever  «  “  0  and  /?  —  0. 

It  must  he  admitted  that  the  r'i|Uirixl  graphical  and/or  immerieal  com¬ 
putations  hinted  at  in  the  above  exj>l.i)mtii'ii  arc  fairly  laborious;  for  while 
working  the  machine  it  will  he  necessary  to  exidnrc  gradually,  tc.st  by  test,  a 
sei'ie.s  of  chosen  «  regions' of  einpnry  »,  and  thus  to  eonstruet,  st.nge  by  st.ago,  a 
series  of  performanei*  curves  for  the  vari*>us  pin  nometia  :  without  some  (juieker 
methods  of  computation  or  a  computing  machine,  the  sjieed  of  this  tvork  will 
be  relatively  slow.  The  author,  however,  is  particularly  interesHsl  in  the  couple 
asoocinted  with  the  reaction  force  wLieli  acts  from  the  groun'l  on  powered 
ul’lirjue-rolling  wheels  atid  its  meehnries,  and  in  the  question  of  «  rolliue  re- 
si.slanee »  as  ajiiilicd  to  powered  wheels  rolling  in  dcformnhle  media;  so  at 
least  fur  tlie  prt'sent  he  has  available  an  aeeurate,  un  ver.sal,  lalwratory  machine 
witli  which  to  study,  nlhiit  slowly,  these  i)lieiionienn. 
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Special  applications  of  high  mobility  tires 

Speciali  applica^ioni  di  pneumatic! 
ad  alta  mobilita 

Aooi^i  Fixsey  •) 


ABSTRACT.  —  Prtttnt-4ay  operating  coni}ition5  and  service  regulrcments  Jot 
o£!-hlffhway  vehicles  hare  become  more  diffierilt.  The  evolution  of  tire  sizes  and  types 
used  In  off-highxay  operations,  particularly  those  demanding  a  high  degree  o/  mobility 
and  ftotation.  Is  reviewed  end  photographs  of  vehicles  in  actual  use  are  shown  to 
illustrate  typical  as  well  as  unusual  service  requirements.  Many  new  tire  sizes  have 
been  introduced  to  carry  larger,  heavier  vehicles  ond  to  meet  the  more  severe  service 
conditions.  Trend  has  been  toward  larger  tires  and  tow  section-height  shape  of  tire 
cross-section  as  being  most  efTwient  in  providing  the  desired  tire  performance 
charactenstics. 


lotroductioo.  —  TKls  piijMT,  ivhich  will  not  be  highly  technical  in 
cliarncicr,  is  intciuloil  to  accomplish  two  purposes; 

1)  llevicw  the  evuhUion  of  lire  sizes  and  types  u.sed  primarily  for 
off-higliwuy  operations,  particularly  thosc  which  demand  a  high  degree  of 
mobility  i>nd  tlotation. 

2)  Show  typical  st'rviec  rtiiuirements,  including  several  which  iire 
unusual  and  for  wbirh  new  and  difirrem  tire  siv.es,  tread  ilesigns  and  eou- 
struetions  have  bceu  develoj)ed. 

P-eview  of  requirements.  —  The  la  rvice  ’  I  xuuler  consideration  baa 
been  divided  into  fo\ir  enu-gories.  each  o"  wh  ■  h  ;s  eoinparatively  uuirjne: 

1)  Coii.\lruclion  field  as  t\i:iried  by  daiu,  \v:;t.r\vay  and  highway 
projects  which  naiuire  iiioveoicnt  of  huge  ipuintitii's  ot  eailli  ar.d  voch.  In  tliis 
service,  rhatiges  have  occurred  in : 

ISiKidd,  which  Were  originally  C-S  miles  ])vt  hour  but  jiow  go  \)p  as  higli 
as  2-’)-o0  mill  s  per  hour, 

Louilh  of  liiiuh,  which  arc  now  as  Ion.!;  as  JO  miles  wlu  ri  as  one  mile  was 
once  cijiisidcred  a  long  luuil,  nnd 

Size  of  hmdii  anti  ri/i/ipotcn/.  l’i'ex.'nt  v'luipuient  im  ludcs  trucks  of  4-5  cu.>d. 
cajjacity,  self-hsidiiig  scrapers  of  eu..'<l.  eipaeily  and  sjiccialised  vehicles 
•such  as  coal  haulers  going  up  to  To  eu.yd.  eap.icity, 

2)  I.otj'fmy,  ininiiif/  and  yi  tro/t  iim.  Heavier  units,  such  as  luobile 


*)  l^uropt'an  Technical  CourdinHinr,  Th©  Firo>ti*nt’  Tire  K,  l<u!»l»or  Cn.  I’nrls, 
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eranos  and  self-contained  puin))s  an  I  power  plants,  arc  liciug  used  in  this 
aen*ice  for  increased  efficienev  and  are  being  taken  into  areas  previously 
considered  inaccesrible.  Thia  dematids  tires  with  flotation  vharacteriKtics  and 
load-carrj'ing  capacities  which  onee  would  have  been  considered  impractical. 

3)  Military  optrationjt.  llore  also,  heavier  0()nipiaent  is  being  developed 
which  must  ojK'rate  over  a  great  variety  of  surfaces  in  cross-country  transport. 
For  this  service,  reliability  of  jiartieular  iinportnnce. 

4)  Central  irahsjmrtntwH  into  nev.ly-tlcveloping  areas  without  adequate 
higliwaj's  or  railways.  I>and  trains  aie  now  operating  into  territory  where 
surface  trans[>ort.stioii  was  previously  very  priniitive.  Such  units  anist  have 
flotation  and  mobility  under  heavy  hnids.  witiiout  need  for  e.xtcnsivc  pre]>nratiou 
and  maintenance  of  twids  or  traeks. 

Mobility  problems.  —  Mobility  is  perhaps  the  most  iinpoitsnt  requirement 
for  ofT-liighwiiy  service  witli  heavy  e4|nipnHnt  and  entails  ability  to  operate 
over  a  wide  variety  of  surface  conditions,  saeh  ns: 

Satitl,  met  mainly  «»n  beaeli  and  <lesei  t  o|U‘r.ntions  and  of  special  iniportaiice 
in  many  petroleum-prtxlueing  arciis. 

Soft  soil  and  mad,  of  primary  toneern  in  construction  and  earth-moving 
projects  and  <|uite  often  eiiconnlensl  in  eross-eonntry  (>j)erations. 

Siioir  and  hoys,  found  in  arctic  transjioi  t  nnd  in  many  mining  and  loggiiig 
areas. 


1934 

ConvemloiUl 

i.t.no-i'o 

14.aa.uo 

-24 

mmi.2i 

2iV.')-25 

iT.ir,-:.’! 

IS-'m  g-t 

23.3-23 

•33 

•49 

21.n(i-25 

2ii.,3-23 

•29 

-29 

•an 

2(.iiii-2r> 

29.3  23 

-29 

29 

33 

•33 

27.0I1-33 

•33 

33.3-.i3 

3n.iiita;( 

■39 

3r..3-33 

41 

■rs  X  (i.s 

-tig.  1.  • —  ()fi*f»i;;!jV’ay  tire  bi/.<*?. 


HiHs.  This  includes  not  or.Ty  liilTy  or  niountAinoiis  terrain  but  also  slopes 
of  any  size,  ruch  as  fill  gradients  and  desert  sand  dunes. 

suss  and  iypss.  —  The  growth  of  oft-highway  operations  has 
brought  about  a  great  divoi’sifieation  in  tires  to  meet  all  service  requii’ements. 
A  study  of  this  phase  of  tl;e  subj(‘et  brings  out  sw^veral  interesting  developments. 

1)  Xumher  o/  sizes:  In  fig.  I,  tire  sizes  arc  shown  ns  they  existed  in 
10.14  .md  as  they  i.xist  today.  In  addition  to  noting  the  inerense  from  2  to  28 
regul.irly  niamifi'v-Uuvd  size.s,  wo  .see  ta.nt  tires  have  !)eeonie  larger  both  in  cros.<}- 
scction  and  in  rim  diameter.  This  eliangi'  to  larger  tires  permits  higher  loads 
per  tire  without  saerifieiiig  fioiation  and  mobility  <-haracleristies. 


Jecou  siif  inr.-j'. 

73.76  O.n.  73.76 

17.00  Him  WiOlh  27  00 

i'ig.  'J.  —  '.'iitivonfumRl  2-1.00  25  2P..5-2.')  Tt»i;lior.  Hock. 


2)  ('uiii'cnliinuil  rs.  wide-l  tisc  :  Two  types  of  tin’s  now  e.xist,  .'lamcly 
convent ional  and  wide-liase.  Fig.  2  illustrates  the  dift'creiiee.s  bi'tweeii  these  two 
t  \  pcs  of  tin-  by  comparing  the  2-1.0t)-2.'>  eoiivcnlional  and  2h.r).2.")  wiilc-h.isc  sizes. 
lYitliout  eha.nging  rim  diameter  or  tire  overall  iliaim  ter,  tlie  eioss-section  width 
on  the  2d.')-2.'»  tire  has  beeii  increased  by  using  a  wider  liin. 

With  ilie  .same  tiie  loadinc,-.,  inilatiou  pre.ssiirvs  on  ll'.O  v.'ide-bi’.so  tire  can 
be  irihueil  lU  Ihs./sii.iii.  Tile  wider  eio-s-seiUiijj)  gives  im))ioved  traction  and 
fiot.etion  an-d  the  lower  ludt  itround  pressure  imjuoves  ivsistanec  to  damage 
from  stones  and  other  objects. 

d)  Lnic  ofi  n/Zd  tiiis  :  The  wide-ba.se  principle  is  carried  still 

further  in  low  seel  ion-height  tires.  Kig.  3  comjiares  the  .‘Ui.bb-ll  eonveiitional 
and  18  X  liS  low  .sect ion-l;ei;;lit  sizes,  both  of  which  arc  n.sed  in  oiT-liigliwny 
trairsportatioii  wlure  llolation  is  important.  The  low  .seetion  le’igdit  slmpe  of  the 
48  X  TiS  tire  permits  a  27"  inerca.se  in  head  diameter  and  'J"  increase  in  eross- 
seetioii  wi  l-.Ii  with  only  a  minor  ineroasi-  of  G"  in  oM-rall  diaiiu  ter.  This  makes 
pos.si')!e  a  wider  cross  seel  ion  for  iin|)rovid  ilotation  v.  iihoul  inereasing  over.nll 
diameter  or  tin?  weight,  as  wordd  have  been  ncccsiary  if  eonveiitional  tiro  sliape 
had  been  amiiitaiiud. 


4)  Sinyh  vs.  diinU:  Another  O|)plication  of  the  low  .tcct ion-height 
principle  is  in  the  use  of  I.iigcr  single  tiros  to  ivplaco  dual  tires.  Fig,  4  compares 
a  special  24-20.5  low  section-height  tiro  with  the  14.00-20  dual  sand  tii-es 
which  it  replaces  in  desert  exploration  and  transportation  serv'ices.  The  24-20.5 


36  00-41  41’ 

Dia. 

Fig.  ^t.  —  Kiainple  of  low  section  licight  off  highwny  tire. 


fig.  -1.  —  ShioI  tirc.-i.  -  'Jt-L'O.o  single  to  replnee  14.00-'’0  iloal.t. 


tiro  lias  the  o\eiall  (liaiiu'tcr  ot'  a  Ul. 00-20  tire  boeausc  elearnnci's  pennitted 
tills  and  bci-ausc  conversion  irom  1 4.0l)  '20  tluals  to  lG.00-20  duals  has  been 
gaining  headway,  .\ltliough  the  ch.inge  from  doal  ti'-cs  to  one  large  single 
tire  n'lliioes  total  gu.unO  .'iiiitnet  are;!,  e.xjieriein''  i.s  r.liowiiig  that  llotation  and 
iivibility  are  improved  'ivillioiit  ledurlioii  in  total  load-cai  rt  big  oaparity. 
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6  shows  u  viiriiition  of  this  pnttcni  in  which  deep  t;roovc‘s  have'  l»oen  added 
lo  Iho  traotioii  oloinonta  to  mhuT  mhlK-r  muss  and  jirovide  lower  tire  operating 
Ifinperatmos  in  high-speed  service. 

Midiuui  tiaitioH.  h'ig.  7  illustrates  a  nu-diuni  trnetioii  design  used  mainly 
in  military  operations  and  fig.  H  a  design  which  gives  e.stru  traction  in  off- 
highway  service  and  still  perforais  sjitisfactniily  if  used  part  of  the  time  on 
the  highway. 

Frt'c-roUinn.  Fig.  (1  shows  a  rihiH'd  tread  pattern  and  fig.  10  a  shallow- 
depili  hn-tlnn-type  tieiul  ii.ittern,  hotl»  of  whicii  t.vpes  arc  widely  used  on  frec- 
imlliiig  wheels.  Choice  of  design  would  ilepend  upon  tlio  exact  service  require¬ 
ments  involved. 

rcfjiiii  f  iiK  Ills :  f'iu)s\tal  sm-viee  ooiulitions  sonietinies  demand  a 
.siieeial  elioiec  of  tvead  pattern,  in  de.sert  operations,  for  cxr.inple,  maximum 
trm-tiou  on  drive  wheels  is  necessary  hut  use  of  au  aggressive  design  is  not 
always  advLsiihle  because  it  may  tend  to  dig  in  and  become  stuck  when  a' 
«  iio-gi>  •»  situation  is  encountered  in  .soft  sand.  In  lids  case,  a  ribl)ed  design,  such 
ns  iii  tig.  11,  may  be  used,  the  lack  of  traction  elements  being  offset  by  large 
gro’.nul  contact  area,  tiporations  in  snow  i)iesent  .similar  itvobloms  and  lig.  12 
illnstriites  a  shallow. dejith  design  wliith  has  bot'u  sticcessiul  on  powered  o-s 
well  as  flee. rolling  wheels  in  this  type  of  service. 

Tiro  cociltraotion.  --  Consideration  of  tire  eoiusiruction  is  a  .sui^ject  in 
it.self  and  no  titlenipt  is  being  made  to  explore  it  at  titis  time.  It  need  only 
he  utn’er.stooi.1  tliat  tin'  tire  must  possess  ll.e  eharaeteristies  of  durability,  load 
earr.ving  iibilU\',  simvl  eajnibilit.v  sind  low  ojieraling  teuiperiitvire  to  the  degree 
witieh  st.rviec  reiiuiroinents  demanil. 

High  tensile  cord  materials  must  he  used  to  inovido  snilieient  strongtli 
in  a  tliin  body  constru-etiun  to  give  Ilexibilily  lo  t'le  tiro,  ami  rnbb"r  eompfrands 
mtlst  1k'  as  eool-running  tis  possible,  eon.sisient  with  tougliness  riml  abrasian 
resistance,  to  keep  tire  openiiing  teiuperac.ue.s  down  to  a  sale  b'vel. 

r ■■'.ampl'js  of  .tcr/ico  opiritio.  e.  —  To  illnstin'e  points  '.vhieh  have  been 
diM.-;issed  and  to  indicate  tbe  extent  to  w  bi.  li  olV-!;i  diwey  epei  .tlion.s  liave  grown 
in  se>tpe  and  eoatplexity,  a  few  exai  ;;  Iv  s  of  wldi'b  s  in  .leivial  service  Inive  been 
M'livtesl. 

/■.’V-  1>.  —  .\  tyjiival  eatlbniovii-a:  opevalio'.i,  iltr  vclikli-  lieing  self. lor, Ui'.i'? 
str.'.pevs  vvii'a  a  liiuk-l\pe  tvailor  to  a-'i-t  in  -lie  b'ulmg  op'dalmii. 

I'ii.  11.  —  -V  stripplic.:  iip-.'V.'.liou  ie.volviai;  nuxy  \?r;nia  ami  (ioU'tlcm  rmt.iro- 
rieats.  Material  is  lieiiig  eavriail  by  tnu-k,  wi'.b  le.cs'ianival  .sIu-mI  ui.uiiag. 

r'l':’.  II.  —  bnll-ilii>4'r  iini-valiia;  in  onailitimis  wbi.-Ii  'v,|iiiie  i'ia\ler.im  traction 
plus  raul'ility. 

I'ig.  Id.  —  Til.'  sae.c  (yne  of  I'-iit-g.-r,., v  as  sl-..-un  ia  I-';  is  bero  beieg  tiM'J 
in  3  ftitijig  iij'a’r.it’.Dii  4>n  a  small  body  ui  v.atev  wlu're  ;:re..toi'  I’li’ip'i.'.-is  is  ptaci'l  on 
lloUition. 


Fig.  IT.  —  Typiiiil  r'Hijili,  riM-l.y  Inrniii  uliirli  i>  mot  in  oil-oo-miifiiiy  oi'oralioiis 
m  the  iliili'.lc  F.n^t.  Tire  si/.u  i*  11  lioinj^  nso.l  in  iraiisi.nii  nl"  n  lniv;o  iinlivis'li'.L' 

fVp.  —  TliP  in  (lon>ji>irl  ot'  imili  rinl  t'lT  j)i poliiic  limintcn- 

jinot'.  in  tlii>  MTvi<'o  p<>  n<  liicli  :is  llis  jior  tire. 

Ft;!.  il>.  —  3l).f)0  4i  tires  iKiiig  usoit  m  tlio  Irnii'iioi t  ul  a  ili  iilin;;  lii;  in  unc  unit, 
witliont  iii>-onilin(;  it. 

Fiij.  M.  --  A  Inirk  s!;irk  in  .'ol'l  'ami  in  a  l\  i)iri\l  ilo  oit  oj  l■|■.■^tilln.  Drive 
\»lio<ls  are  ((jni j'i>cil  uiili  14.00-20  diml  .'sml  tiros. 

Fig.  21.  —  Sl)«'elnl  2}-'20..'i  law  .-mliun  lieiclit  '-aiul  tiro.,  wiiioli  me  U'lsl  ns  sin;;'if'.s 
to  niiliivc  14.00-20  or  111.00-20  dual  tire.s. 


Fi'j,  ^2,  —  Tvpun!  (rm'lt>r-lr«itor  unit  for  use  in  dc^Tt  lriuis|)(irt  nnd  oil 
c.Nploration  M'rvitx*,  winippiNl  with  24-20.3  sand  lircs  on  «lrivc  niul  trailer  po.sitions. 

Fill.  53.  —  Snow  train,  o<pii|»lHtl  witli  s|HX'inl  89*  low  sciliiin-lici^'lit  fires,  for  u.sc 
in  transportatiiin  fo  newly-developing  arena. 

Fig.  24.  —  48  X  G8  tow  ««-eti«>n-lieiglit  lircs  on  a  larger  power  unit  for  snow  train 
service. 

Fig.  25.  —  43  X  08  tires  on  a  ginnt  hnll-dnrer.  Idirgc  proiind  contact  area 
snpplnnls  npgressivc  tretnl  patlerii  for  traction,  at  the  same  time  i»rnvicling’  improwl 
flotation  clinracteristics. 

Fig.  5ti.  —  Military  nppliention  of  43  X  Gft  tires  «n  n  lHn<lii)g  craft  Totriever. 

Fig.  3T.  —  GflKU  liigli  inolnlity  inilitniy  veliirle  wliich  is  cnpablc  of  fnst  cross- 
country  operation.  Spccinl  29..'>-2.*>  wide-hn.se  tires  witU  light  eon.-tniction  arc  used. 

Fig.  58.  —  ll.MtC  ninpliiliioiis  vehicle  with  ;(li.00-41  tires,  for  taking  cargo  directly 
from  .--tilp  nnd  transporting  it  inland.  Note  the  low  inflation  jiri-ssuro  used  in  the 
benching  mnnooavre.  ’  ' 

Fig.  5!).  —  HA  ltd  in  cnrss-cviinitry  operation.  Tire  inflation  i>rcssitrc  is  increased 
while  vehicle  is  in  motion,  ottre  the  la'aching  innnneuvre  is  coniplctesl. 

Fig.  o'O.  —  H.MtC  re-entering  the  water  for  nindhcr  trip  to  the  ship. 

Fig.  31.  —  This  photograph,  which  was  a  taken  in  10411,  shows  a  low-pressure 
tire  which  has  a  large  grounil  contnet  area,  very  low  unit  ground  pressure  nnd  c.vccllent 
niobilit.v.  It  was  n  fore-runner  to  the  Uolligoii  nnd  Tcrnitire. 

Duplex  highway  tire.  —  It  is  intvi’csfing  to  ssv  ln>w  trfF-liigliway  c.sporiciico 
tail  be  Jiiipliivl  iti  liiglnvay  service.  Fig.  32  shows  technical  rlata  for  an  ospo- 
riuU'iital  IS-l'.l.'t  Duplex  lire  which  .has  la'cn  develojH'tl  far  use  as  singles  to 
replace  ll-'J'.’.a  or  10.00 -20  dual  tires.  Tires  inllatinn  pressine  is  the  same 
ami  lojid-earrying  eaiiaeity  is  virlually  unehaiigisl.  However,  spring  rati*  is 
greatly  rodr.eed  on  tlie  IS.  1*1.3  tire,  as  might  Ik*  <*xi«etetl  from  a  comparison 
of  loaded  and  unloaded  ra<lii,  and  tliis  is  ]n'li)ful  in  riclneing  vehicle  meinte- 
iianee  and  damage  to  fragile  iuereh:nidise. 

ConTcuUobM  1 1-22.5 

Ply  rating  12 

Inllatinn  75  p;.i 

Loml/tire  -1, 5.^0  lbs 

I.omlrd  rmliu.s  lO.ti" 

Sjtring  rate  I'*, 700  11,>/inch 

as  Ihials 

Kig.  3U.  —  c  Duplex  >  tire  data. 

Fig.  33  shows  tin*  crn.ss-seeliotial  relationship  of  the  IS.  Dui>lex  and 
11  -  22..0  dual  tires,  hdolation  eharaet<'rislics  of  the  Dnidex  tire  an*  ver.v  "goixl 
and  interest  is  being  shown  in  its  use  on  bigiiway  vehick.s  which  occasionally 
go  into  olT-highway  service. 


Su|a«x  18-1B.6 
]C 

I  5  p 

lt,oo0  11>J 
19.3" 
(ijilin)  III'/ inch 


Fi;'.  ‘,^4  tin*  of  the  two  tyj'os  of  iUts  wlu'u  mounted 

on  the  ronr  of  n  viliicU*.  Tlic  18-1!'. 5  tire  is  the  foiv-niimcr  of  n  line  of  tiiTS 
whicli  will  he  ustnl  ns  singles  to  replnee  duals  up  through  12.CH)-24  size. 
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Fire>tt>ue  Tire  .1;  UiiIiIkt  <‘n. 


I)  I  S  C  (  -  S  S  I  o  \  s 

L.  AMICI.  -  IVr  .l.-i,\  itIo  <ii  iii-iio  sl;i  nppi'rtiino,  dii  parte 

*U  luio  slmlioso  di  piioiuiiatiri,  <11  rit  ordari*  <  he  ae.  auio  ai  tipi  lU  piieiuiialiri  visit 
oru  o  che  l a)>pre'eiitiUio  in  nn  eeiin  mmimi  la  mas-iiaa  imnla  ili  i  puenniiil iei  tiixli- 
Kionali,  I'sistoiKi  pneuinatiei  di  lipo  iinovD  —  o  nd:Uiv..;..eiili  nnovn.  j  eiilie  e^i^tono 
pin  da  lilt  eeito  iinnieto  di  .'inni,  e  eine  i  pne  nn  Un  i  radi.di,  ivvveii)  pm  nniiilii  '  di 
eiil  111  stmltma  inlerua  o  taltn  nm  till  vadiali  eioe  eiaeenti  in  piani  passnnli  per 
I’nsso  <li  riita/.iiiiio  in  eiii  sottn  id  lialtisliada  vi  i  iiu  liuinr/i)  limpltndinale  eho 
puo  (s>ero  di  variu  tij>o. 

Qncsio  rlnl'ur/.o  laeihinde  la  eaiea.'Mi  c  la  eostiiii!;o  nd  aveie  im  eeito  dianieti'O. 
Om,  sii  ipiesto  soniphi'isslnto  pnneipin  e  b.i-ata  ti'.tta  mia  teuiia  ir.iava,  mi'iimlntii 
ntiovn,  diiianin,  atnn  pir.da  iiiieva  nel  canipn  del  pmiiiiint iri.  ,Si  rieMC  ad  n\crc 

eon  ipiestn  tlpii  linn  ina.r'rnii'e  eapaeila  di  earleo.  eii'i'  a  pari  diiiu  ii'ii'iii  i  pnciiiiiatici 
di  li|si  rndiale  |MUlmio  piii  eaiieo  iippiire  porlano  lo  slo>>()  eaiieo  eon  pies.-ione 

inreiiori.  t  in  e  dovnio  al  tatlo  etie  il  liiuieo  del  pnemnalieo  rndiale  pno  ^ehiae'iars^ 
di  pin  nientre  il  piieiiniidieo  eon  stiiittnra  Iteiueinla  non  I'lto  le'iiaceiavsl  senra 
dnnno  idtee  tin  eeito  liniile.  idic  e  ah*i.'.slan7.a  iistretio.  Si  noli  iiiielie  elie,  essendo 
lud  ladiiili*  i  tilt  iloposli  -eeo’ido  d-ie/ioni  p**'idetiel».>  >i  ha  il  nia''.'iiiio  >t  i  nl  lanier.to 
did  innlfriuii*.  l;i  .Nt ruttiiia  puo  lo.-i-lnr  ;\  in\u  ci‘ita  pr'sslioio,  :.Vt':nlG  il 

uiiiiinio  |io>o.  Di  ciui i  la^linli  pmousiaiiri  .'Ono  It  Kr.'fi'ilo  K 

polfii/a  pfvi'‘tr»rsi  tloi  lunti'i iali  o  nnnoi(.\  tit f  il  pr’UUUiUioo 
n>>‘>rho  miiwMc  i’lo  i*  iuU  i<‘>'0  ]o‘i  i  ii'i  1  novi 

6ha<ln. 

I  vunta'^j^i  iU‘l  pnouiunl ici>  >t»;»o  pni  aiiciMa  i*  lu-n  >i  iiniii'liliC' 

pill  di  t'K'iifavli  l/uiiiliamori  a  diio  iuut  .a  cho  la  iiujaiii  tloi  l>ani‘ 

i^tradu  ill  I ot t ilinio,  luii  >op!a!hitt(>  in  cirva,  r  iiudt»»  iiiaui^ioi u.  I. a  iah:ioni‘  ili  ipu>to 

b  iin  pi>’  ctiuip’.icaia  r  iw^n  la  ]*o  -*»  iiuU«;nv  ipri;  toiuu!U(tio  iiiuaiuU)  a  ana  n<vstia 
CGUlVu'iiza  al  rini'_:ri*.s>o  ili  siii  j.io  naiatiri  latlmli  tii  lijn>  i;h;.iv  >u»  t  l;,'  n  .Nlala 

publdicalu  pot  ir.ti-ro  >alla  li  vin'  liria'i.ib*  d»i  raulohonf  luuuu  ra  tlolToiroltrc 

l):il  panto  t(i  vi<ta  ;tpj»Iica/it»i‘.i  tlcl  tuoii  >tv;nla  si  ijiuialn  >i  piota 

pal  tit  olni  tiKUiU'  lo  ia',  nt  l  t  lu»  apjointo  la  nio'uiita  o  la  ;:allt  ui:\l)ilita 

^ono  (pialita  cat  alln  ist  icMi*  «lfl  i;nliali*.  K*  ;^alM^^an/.a  intniliva  la  r.t:;ii>ur: 

"Tnndo  tri^tiitoio  ilip  il  piuMijr»at )*•«  ha  •stitio  sil  halti^  tnula,  1(»  iicUta  ni  t  niuli  Moni 
di  «U’l  sansn  t  in*  raj’po-^^io  r^titla  slratia  vii  iio  >t  i  jUM  tlinavi  Mn- nlv  lo*u 

rijnulito  >a  una  Inn;, a  ^aporliru'.  Si  puo  anctstiai.'  a  tjualflu*  tlittuto  tl'i  uiilinli. 
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o}.piire  n  ^iiinU’lie  ilifTiroltn  tii  n<1nttniiipnto,  dicinniu  (iieichi  nltriiiiritti  uao  si  potrebbe 
cliirdore  poiiio  iimi  tiitti  i  piiMiiiiuliri  <li  (ptr.'lt  iiioiitio  non  sono  railinli!).  hniiiio 

tnlvoltn  cnniii/.iuiii  ili  R<Iatt:iiiu'nto  iiii  po’  jiiii  ilillicili  tlri  luiciinintipi  nonimli,  e  cio^ 
orrorre  Rtmlinre  Tiiotlo  bcnp  raibiltuiiiruto  nl  ^itigolo  vrifolo.  In  i>a»iipolare  duuno 
nioiiilitii  Irasvpr.siilr  nl  vciroln.  iiin<^^iore  drila  normnle,  e  qitlinli  i!  ;:iiidutore  del 
voicolo  ili-vi-  ll(blttar^i  n  »tii  liiK)  di  "iiidn  lrv>rorm«-nte  divcir*'.  Qiioslo,  j>cr  qualumitie 
vi'icolo.  Nrl  I'nso  ili-i  fiiori  >ti'n<lu  tiilliivin,  <|u>‘siu  piivtiruliirith  cl>e  iHlvotta  e  dan- 
no»a  dntc  1r  biissi-  vi  lm  itn  in  ;;iuto,  non  bu  inulta  ini]iortun/.ii ;  iinindi  direi  chc  (jiiello 
dpi  fnori  siradn  o  nti  (niii|>u  idralp  |><t  i  piiriiinntit-i  vndiiiti. 

L.  BOGDANOFF.  —  In  lo^aid  to  ibr  Mjiiiiiini-nt  Nvliidi  Mr.  niinev'  has  shown 
on  (ho  slides  I  have  iiotind  a  i^n-iit  deal  «l  violent  hois.ieine  oeensf ioiinlly  a... 
c<|ai|inipnt  >;ik‘s  aeto-s  the  naieli  enaiiid,  and  I  am  4nriinis  to  know,  Mr.  Kinney 
has  looked  at  this  |niihlein  ol'  vehiele  hoiini-e  wtiiili  seems  to  )ne  to  be  related  tpiite 
floscly  to  Iravlivv  ahdily,  ijinsially  im  ioii;.;li  ci'niiiid.  Aenin  the  (|iH‘'lion  is:  what 
nhoat  the  dynaiaies  iil  the  lire  vehiele-sod  eoinl>in:itiim  ?  Yott  liiive  sj>ukcu  of  traction 
only.  What  have  ymt  done  on  this? 

A.  FINNEY.  —  .\b  1  laentioiied  nl  the  .-tart  of  my  jiajter,  1  did  not  jireimro 
it  to  be  tevhnivnl  in  any  way.  It  meiviy  show.s  the  ]iriulieal  niii'liralinn  of  some  '.iro 
dtncloiv.neiits  ns  Ihey  aiv  iiow  iK'iie/  iistsl  in  the  lield.  Ko  1  nm  not  j>re)mn-d  lo  go 
into  deeply  tcehnii'nl  ilisvas.^ion  ns  ve  ate  hettring  with  some  of  the  othet  paiiers. 
For  that  rea.'on,  I  prefer  not  to  take  nny  of  your  time  just  to  give  niy  own  impressions 
on  this  ((ue.stion. 

S.  G.  J.  IvELSCOll.  —  .Te  voadrais  simplement  njoiiler  a  fe"e  lisle  de  pneus 
dejli  presdites  an  nonve.tu  tyjat  en  rs.-ai  rlejmi  iinel.pies  ;’.nni'rs  h  l.n  F.N.;  lo  pneu 
Lypsoid  dont  la  <  ni  av!eri.sli(p’v  inineijuile  Ost  In  iVilde  pre-sion  sjaa-ithale  ct  I'abst  itco 
de  (lanes  lateiaax. 

I’nr  siiirpie.ssion  ile  e.-nx  ei  on  pent  :iii;:iaenter  foiteinent  In  le'foiteation  de  lu 
bnnde  tie  roulenient  alls  ei.iiiulre  nne  derive  lii'elale  ONti- div,> ;  e'esi  rohj.-l  de.  eettc 
imoveanle  inventee  par  le  Snisse  ^ilrans.sler, 

la  .s  eil rneu'i  i' 1  i(;nes  piopres  de  ee  pnea  nous  out  iiirife  a  nv.  tl'e  .:n  peiiit  tin 
petit  vehirnle  haver  ipii,  leintae  vons  le  vove/.  sitv  l.a  \'hiilo,  est  vspMpe  de  ^  ifaiea 
Lyjni'id  dont  nne  dila  e' ;  iia-. 

Ce  Velili  iile  1  oiien  i>h,is  spei  lali  nieiit  pour  .sei-vir  d'intprnu’dlali  e  e  ,lre  i<;  ra;it;i.s,ln 
ct  l.a  .jeep,  s  j-'rinleiiiei.t  ]Mr,ir  le.s  tHiepes  la':  opo,  i.'-t  s,  .->1  est  i  aoi  di.  ■  1  a, .ait  ;;i-.i,',i:blc 
ninlvre  h’  laihle  jadd.s  snr  la  rone  .\V  et  I'l  nt  ji;r-.-ee  nr  des  'ois  re,  it-.'j  in .lai  hi.S- 
Sfihle.s  pr.r  lies  leiihiiles  n.ain.'.UN.  II  e.'t  sj'vi laleaieid  inhipte  nn.s  .ahh-a  .f  !a.ide~  .rolle.t, 

Ln  photo  laonlree  ici  doiiiic  nne  idee  de  vet  enrtlii  it  giamle  \i'.e.>.-.?  on  le  vol 
jdane  n'lst  jms  cxelu. 


The  behavior  of  sand  under  pneumatic  tires 


11  c<Hnportamento  della  sabbia 
sotto  il  pneumatico 

W.  J.  Tl  RXUl  LI.  •)  -  D.  U.  Kreo  AO  ••) 


ABSTRACT.  —  Testi  to  determine  the  behavior  o/  sand  under  pneumatic  tires 
are  being  conducted  In  a  special  facitit]/  of  the  Army  Stoblhty  Research  Center, 
U.S.  Army  Engineer  Waterways  Experiment  Station,  l/icksburg,  Mississippi.  The  operation 
of  a  dynamometer  carriagc-scnl  bin  system  provides  a  continuous  record  of  the  perform- 
ance  of  a  tire  or  track  for  slip  values  ranging  from  slightly  n^9of(i'e  to  tOO  per  cent. 
Tests  with  three  pneuiiiatic  tires  ot  the  same  over-all  diumeter  hut  of  different  cross- 
section  widths  have  been  conducted  on  an  air-dry  sand.  Results  show  that  the  perform¬ 
ance  of  these  tires  on  the  first  pass  in  dependent  only  upon  luhert  load  and  sinkage. 
If  ether  factors  exert  an  iiifliience  on  perfonitaiice.  their  effects  are  re.fieeted  In  sinicgc. 
The  lest  data  show  that  the  total  traction  fo  ce  developed  by  the  test  tires  is  approii- 
mately  0.33  times  the  tire  load.  These  results  arc  supported  by  an  analysis  of  the  forces 
flCdnff  on  the  wheel,  problems  yet  to  be  are  outlined  briefly. 


A  IuI)or;itory  foi-  the  condiict  of  ivsciiirh  on  vrliioli'  mol>i!ity  has  b<.-cn 
osinbiishi'd  at  tlic  WaU-rways  r.xjx'rhiu'nt  Station  '^VKS),  Vick.shnrg,  Jlissi.s- 
fiipiii,  hy  tho  U.  S.  t’orps  ol  Hitp’mir.s.  Tliis  laltoi’atoiy,  a  ntajof 

facility  of  tlio  Aiiny  .Mol.iti’y  K«-s*Mn*h  Onlcc  (AMh'C) was  ])lniuu  J  and 
ctiiiippcil  to  pfovidc  ti  hroad  oaptibility  for  .aiidyiiifr  the  iiitorai  l  ion  of  a  vo’iiiclc’s 
I'liiiiiin;^  i.rar  wi'h  soft  soil  surf.'M'<*s.  Work  now  in  progress  at  tlic  A.MdC 
iiicludo.s  the  iii<-as‘ii'<'iVi<'iit  of  pri's.s;ii\'s  tit  tlic  contact  itilcri'acc  of  a  pneumatic 
tire  1111(1  S(jl'l  yiclilioj,'  .•'.ui's,  a  si'.'ili  uf  lia-  i.ianniludc  nii.]  di.sfi  ihut  ion  of  Kt;'cs.-:cs 
iiuUici’d  svilliin  a  soft  .soil  Iiuhs  hy  tiiukc*!  and  n hccicd  vdiiclcs,  tint  deter- 
ruination  of  flic  sliapo  iiNSiitu-.-d  hy  a  loclcd  pm  uiit.ilic  tire  inl'iiie  on  various 
types  of  .siiifaccs,  ntid  a  .-Indy  of  tho  inlloioioc  of  lire  ffcoiacirv  on  the  perfor- 
iiianco  of  .soils  .sulijci'tod  to  tlic  lu-tioii  of  j;;!!  uiiiatic  liios.  Tl'.is  latter  study  as 
it  ajiplics  to  sand  is  the  sulijeet  uf  this  paper. 

The  hehavior  of  soils.  nonnaJly  iiieasiircd  or  iii'lieated  in  classic  .soil 
mccliiinics  sttidie.s  h.v  stress-strain  iTlntio;..-,  f.iilnre  ocenmiicc,  chanpis  in 
moisture  content,  density,  stiviigth,  etc.,  is  also  mc.asurcd  in  tliese  terinn 
in  vehicle  mobility  ceseareh  whenever  feasible.  However,  I'ccause  jne.sent  iiistru- 
iiu'iitatioii  and  tcehniijues  are  not  adeipiate  for  the  rapid  mcasmeiiuiit  of 

*)  Kiiifiiicrr,  cliiof,  •'I'iN  aivI.*ion,  f.  3.  .\riio  Unfprecr  Wnlcr«nv.<  ttxpcriiiirnt 
Stalieii,  Vifk.-lciri!,  Jliss. 

•’)  Kiii'inecr,  chief,  .Mia.itUc  Ses-::i'.n,  .\riny  .M"il  ilily  l;r^.,./\reli  Center,  Hoils 
Divisiun,  II.  S.  .\rmy  Wutef.vnys  flsjurti-ijeat  Stnfi.ji;,  Vuk.'liur;^,  Mi^.c. 


Vig.  1.  —  Interior  of  AMliC  (c-t  facility. 


soil  iK'havior.  oonijtromis'.'s  nittsl  be  efTeeted.  Miiisuri'iin  iits  of  nioi>i1uic,  doiislty, 
and  Mtrenutli  uro  made  Ix-fore  and  after  the  .•soil  Itiis  been  loaded  hut  seldom 
dni'int;  tlie  uetu;d  loadint;,  Stfes.s-sti-:i5ii  ivlatiotx  iiri>  expressed  iiiaiiily  in  ternus 
of  loiids  imposed,  eontaet  areas,  tire  dellection,  and  siiika;;e.  These  are  diiTioult 
fnolors  to  inea.sure  with  aeeniaey  .and  even  more  diilieult  (at  the  present  time) 
to  einiiloy  in  feninila  or  equation  form.  As  a  result,  it  has  been  tieei'ssnry  to 
inea.siiec  .soil  behn\  ior  in  let  ms  of  its  elVeets  on  veliiele  iterformancr.  Tlicsc 
effeeta,  in  turn,  are  cxin's.sed  nie.inly  b.y  sink.vj'o,  slippage,  deawbae  j>ull,  etc. 

The  iji'ineipal  tool  employed  in  the  roscaeeli  on  the  bi-havior  of  soils  nniler 
I>neuinatie  tires  is  a  Jy nainoiaeter  eareia;;e-Miil  bin  .system.  With  this  system, 
model  or  fuU-seale  vehicle  eompoi.ents  are  stn-.iied  in  emit  rolled  soil  eoiiditions 
in  nniidi  the  s<inie  luatmer  that  iiiree.ift  parts  ale  stuili.il  in  a  wind  tunnel  by 
the  norodynamieist.  'I’he  A.MHt,'  soil  bin  ir  eo!niee:"ii  of  a  series  of  !:;r;;e  soil 
cars  or  confainers-on-wliis-ls  that  can  be  joined  to  form  a  eontimious  bin 
IGo  ft  lonp.  (Sec  1). 

Caiitileven-d  <jver  the  joined  soil  ears  is  a  pair  of  eiu'efull\'  (ili;;iKd  rails 
Ul)on  which  the  dyi.aaiometer  test  earriajii.  assembly  is  carried.  I''!;;.  2  is  a  elose-ui) 
of  the  details  of  the  earriam',  the  rail  system,  etc,  A  hasie  suiipoitini;  frame 
rides  on  the  rails  and  is  toweil  hy  a  eoMtimmus  ealde  on  iin  eleeteii  ally  imwered 
winch.  The  wheel  to  be  tested  is  att.aeliod  to  the  snjipo,  tin;:  frame,  'i’l-.p  attaeh- 
inent  is  made  in  such  u  nvinner  that  the  wlieel  ran  he  loaded  and  powi'red 
nnd  yet  he  free  to  move  tip  or  down  as  the  .'■oil  eomlitioiis  diet.ito.  The  me¬ 
chanical  linhiiges  per'nit  tlie  s.-jsiration  .and  me.asiirenient  of  liori/oiit al  .-.iid 
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vpfticjil  forces.  Mea.siuvimir.s  arc  al.so  inatlc  of  (Iriviiig  torque,  wheel  s’lced, 
s])<s*il  of  e.irriatie  aihiuiee.  v«rlte:i)  iiioveiueiit  of  the  wlieel,  and,  hy  nieiin-H 
of  specuil  Ka^es  inside  tlie  tin-,  the  delleeiion  of  llie  tire  while  movin';  thvoufjh 
the  .soft  soil. 

The  diiiieiisions  of  tie,-  tot  ii|q»:irat;is  ])ermit  the  testiii};  of  wheels  up  to 
32  iti.  in  outside  diameter  .•’.nd  ifi  in.  in  width  on  filled  soil  ears.  Vortical 
loads  up  to  llOfK)  Ih  may  Is-  applieil  either  hy  lead  wei;;hts  or  hy  air  j>re.ssuro. 
^Vith  lipht  vertical  loads.  t.>ts  may  Ih-  eondueted  at  si)ccd.s  reaehiiu;  almiU 
25  inph  in  the  «-entrnl  por:it./n  of  the  soil  ear  line. 

Since  the  determiimtlori  of  the  lu-havim-  of  soils  tinder  pneumatic  tires 
is  a  primary  ohjetiie  of  the  t»  >l  )>ro"ram,  considerable  etTort  i.s  made  to  provide 
unifurni,  homnocneous  soil  •simlitions  for  each  test  ami  to  stud.v  n  In-iuid  raiiRC 
of  soil  conditions.  Te.sts  aie  Ix-ino  eoodiicted  on  sand,  clay,  and  silt  soils.  The 
strength  of  soil  desired  for  a  p.irticular  te.st  can  he  obtained  by  proper  control 
of  the  density  and  the  water  content  of  the  soil. 

The  sand  normall.v  is  tested  in  the  air-dr.v  state,  and  satisfactor.v  control 
of  its  propi-rties  enn  he  achievi-d  by  varyint;  it.s  density.  Since  the  streiifttb  of 
a  eohe.sivc  soil  is  primaril.v  reh-.ted  to  its  -vater  eonlent,  this  factor  is  the  prin- 
cip.'d  variant  in  i-oiitrolliinr  tiu-  properties  of  the  clay  and  the  sill.  To  ]nopnrc 
the  clay  and  sill  soils  for  tr-'tin!;.  n  system  eonqiosed  ehielly  of  standard  brick- 
makinj:  cqui|)nn-nt  is  used  to  mix  carefully  metered  portions  of  soil  and  water. 
This  c'lnipment  <-;in  be  si-r-n  to  the  ri"ht  in  tirr.  1.  After  bein,::  blended,  the  soil- 
water  mi.xture  is  placed  in  the  soil  cars  and  compm-ied  with  a  luavy  rolh^r. 


Sevcrnl  kinds  of  trsls  to  t-vnliintc  tlio  slato  of  the  soil  nro  made  Imfore 
a  test  is  run.  Cone  index  is  determined  with  ii  meehiini/.ed  vci‘;sioM  of  the  WES 
eonc  penetrometer’,  plate  Ixaring  tests  are  made  with  tlirco  differont  sizes  of 
eireulnr  plates,  and  torsion  sliear  and  vaiie  shear  tests  are  made,  t^il  .samples 
are  taken  for  determination  of  the  water  eonlont  and  dry  density  of  the  soil 
and  for  use  in  eonveiitiniial  lalHnalmy  shear  tests.  Tims,  a  complete  .set  of  test 


Fij;.  .T.  —  Sclirinolic  of  operating  lecliieiue. 


data  includes  not  only  the  usual  soil  data  smli  as  vater  content,  density, 
cohesion,  atui  aiifilc  of  friction,  hut  nlso  tlie  WKS  eone  indi'X,  tlie  seven  r.oil 
values  prop.iscd  by  Hekker’,  and  the  relative  jdate  lieariin;  resistance,  C„ 
employed  in  the  U.  S.  Army  Transpurtation  Corps  niotlcl-vohielc  research 
pronr.Tins  *.  Some  of  these  data  arc  al.so  obtained  at  intervals  during  the 
course  of  the  test  to  detennine  the  changes  caused  by  the  applied  trnflie. 

The  tires  used  in  the  test  jirogram  are  intended  to  represent  a.s  broad  a 
range  of  geometrieiil  eb.inieteristies  ns  possible  within  the  limitations  of  the 
test  .ij'ii.iriitus.  One  basic  .set  of  tost  tires  is  ci’iaposed  of  tires  with  the  same 
over-all  diaiiii'ler  (ahunt  28  in.)  but  of  different  ci'iss-section  widths.  Another 
set  is  composed  of  tires  that  b.nvc  the  same  eross-se-.tion  w  idth  (about  in.) 
but  arc  of  diflcreiit  over-nil  di.mieter.s.  Also,  tires  of  tbc  stmic  -size  but  of 
dilTerent  ply  rating.s,  low-profile  tires,  r.idial-ply  tires,  Lag-type  tires,  etc., 
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arc  to  be  used.  Se^ral  loads,  indatum  pressures,  and  deflections  are  used  for 
each  tire  iu  the  tost  protjnim.  Normally,  for  each  load,  inflation  piessmes  are 
soh'cted  that  will  n^suit  in  tire  deflections  of  15,  25,  and  35  per  cent  of  the 
uii  lectod  height  of  the  tire  ei-ass-scction  (as  measured  from  the  rim  flange). 
In  the  resean-h  to  date,  the  efTeet  of  trend  pattern  has  been  eliminated  by  using 
treadless  lire's.  This  feature  will  be  included  in  later  tests. 

A  multiple-pass  nut  is  made  with  each  tire  in  oacli  test  condition.  A 
complete  drawbar  pull-slip  curve  Is  developed  on  each  pass.  The  operating 
toeliniquo  employed  to  aeeomplish  this  is  shown  diagraminatically  in  fig.  3.  The 
spcoil  of  rotation  of  the  wheel  is  held  constant  while  the  forward  speed  of  the 
carriage  is  varied.  When  the  earii.agc  speed  is  etpial  to  the  theoretical  fortvard 
siMH-d  of  the  wheel  (i.e.,  the  rotational  veloeily  tintes  the  eireumfen  nee  of  the 
wheeli.  the  wheel  is  at  zoni  slip.  When  the  carriagi'  speed  exceeds  the  theoretical 
wheel  s])eed,  slip  is  negative.  When  the  eariiage  .speed  is  zero,  the  wheel  is  at 
100  slip.  The  actual  ilata  run  is  made  by  increasing  the  slip  lri)ii»  negative 
values  through  zero  to  1(X)  't.  Since  some  time  i.s  recpiireil  to  ae<-ciei'atc  the 
carriage  jo  the  rcquiretl  .speetl,  the  first  two  cars  in  the  line  arc  used  for 
this  purpose.  The  data  are  eolirctnl  during  the  time  the  wheel  is  nmning 
in  the  tliird  and  lourth  eai-s  in  the  line-up. 

A  .section  of  a  lest  oseillograjdi,  obtained  in  an  actual  test  run,  fig.  4, 
illustrates  the  mitun'  of  the  raw  data  rceortls  ohtaiuod.  In  fig.  5,  the  horizontal 
force  and  toiaiuo  data  from  the  oseillugraplt  have  been  plotted  against  slip, 
also  from  the  oscillograph,  to  .show  a  typical  tli  awhai'-slip  and  torciue-Siip 
curve.  Points  on  tin*  ilrawhar-slip  curve  that  are  of  major  interest  iit  this  study 
are  the  zero  tonpu’  (lowed)  point,  the  zero  drasvhav  pull  (sell'-proj)i'llcd)  point, 
and  the  maximum  drawbar  pull  point.  Tlie.se  points  are  imlicatiil  in  figs.  4 
iuul  5.  I’erforinance  at  eertain  constant  slip  values  (c.g.,  20  '/c  slip)  nl.so  lias  been 
considered  worthy  of  study.  IVrforicanco  data  collcetcd  at  each  of  those 
reference  jxiiiits  for  caoh  pass  include  tlu*  veitic.il  lo.id,  horizontal  force  (i.e., 
the  drawhar  p\ill,  cillur  positive  or  negative),  tonpie  input,  whivl  sinhage, 
wheel  slip,  and  dct'.eclion  of  the  liiT. 

At  the  time  tl'is  paiicr  was  wrilte:i.  the  majority  of  investigations  had  been 
conducted  on  sand  u.-ing  only  three  different  sizes  of  tires.  Tl'c -scope  of  this 
jiaper  is  therefoi'e  limited  by  these  ••onsidenilions.  In  the  interest  of  brevity, 
this  jiajicr  is  furllier  limited  to  typical  nsults  obtained  with  one  tire  on  ita 
fii'st  run  tbroiigh  the  siind,  selcetisl  « omiiari'-ons  to  sliow  tlie  eR'ects  of  variations 
ill  cro.-s-si'cliou  width  of  tires,  and  i-.xa".i]di's  of  certain  trends  sueh  as  the 
intlneuee  of  repetitive  traflie  on  the  behavior  of  tin*  sand.  .Most  of  tlie  data 
.Niiown  will  be  tlnwe  obtaimsl  with  the  d-.’/O-lS  lire,  since  it  was  us'.il  to  explore 
test  pro-'.ram  teehninue.s,  d*'ternuiie  eapabilitie's  of  various  components  of  the 
le.-'t  apjiaratus,  cheek  data  reproiiueibilily.  ele.  Normally,  fewer  invest igation.s 
will  he  eoiuluctetl  with  each  tin;  than  are  sugge.Ued  by  the  data  .•wa.lahic  for 
the  4.50- IS  tire. 

The  horizontal  forces  in  pounds  rniimired  on  the  fust  pass  at  tlie  towed 
point  and  at  the  maximum  drawlm.r  pull  p.oinl  have  been  .seloeted  to  vejne.seut 
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the  efTects  of  soil  Uluivior  on  fire  perfonnimee.  The  horizontal  force  at  the 
towed  iwinf  (iM'rt'ofter  referro*!  to  as  the  towed  force)  acts  in  n  direction 
opposite  to  the  direction  <»f  the  horiz.ontnl  force  at  tlie  niaximnin  <lra\vbar  pull 
point.  Thcn'fore,  for  clarity,  the  towed  fi»rce  has  Ik'cii  considered  n  negative 


SLIP  IN  % 


l  ig.  5.  -  T)  i  ticnl  (lrA>\lmr  pull-vlip  nn'1  1 1*1  tjnc-^lip  curve. 


p\tll  and  is  so  ploilol  on  the  neeompanyin;:  llgnres.  Tlie  sinkage  of  tlie  wltcel 
measured  at  the  points  under  consideration  has  been  seh-ctod  to  imlieatc  the 
relative  severity  of  the  test  conditions. 

In  fig.  6,  first-pass  towed  force  has  Ijeen  j. lot  ted  against  .sinkage  for  nil 
runs  with  the  4.riO-1S  tire  loaded  to  900  lb.  It  will  be  noted  that  test  data  for 
Ifi,  25,  .and  35%  defieetioii  tTO-,  31,7-,  and  i9.9-i)si  iiilli;tion  pres.sm'e.s,  re¬ 
spectively)  and  for  various  sand  densitie.s  are  inelxtdoil  on  the  plot.  Although 
the  data  for  35%  dcllcetion  a.e  soiiiewhat  seallercd,  a  single  enrvo  siiflices  to 
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characterize  all  the  data.  This  .suKt?es1s  Ihiit  the  influence  of  inflation  pressure 
and  tire  deflection  on  perforniancc  at  the  towed  point  is  reflected  in  the  sinkage 
measurement. 

A  distinct  relationship  between  towed  force  and  sinknge  can  be  developed 
for  each  of  the  test  loads  used  with  this  tire.  As  is  the  e.isc  of  the  9001b  load, 
the  curves  for  the  -l.'iO  th,  1200-lb,  and  Udo-lh  loads  were  l)etter  define<l  at 
high  sinkagea  than  at  low  sinkagos.  A  family  of  euncs  representing  test 
results  for  a  wkle  range  of  lo;*ds  »  shown  in  fig.  7.  Similar  curves  were  obtained 
from  data  from  twts  of  the  other  two  tires. 


sinkage  in  m. 


Fig,  .S,  —  Mnxitnum  tlrrtwhnr  j»ull  v.**  first 

-(.oO  lS  sinottih  liro^  lawl. 

Maximum  drawbar  pull  obtained  ou  tlie  first  i)ass  with  the  4. ">0-18  tire 
loaded  to  !100  Ib  is  plotted  against  sinkage  in  fig.  8.  Tlie  sinkage  plotted  i.i 
that  measured  at  the  nia.xiiouiu  drawbar  pull  point.  It  s!iould  be  noted  that 
the  siiikage  at  tin-  maxiiuuin  drawbar  pull  ))oiiit  in  a  test  run  is  greater  than 
at  till*  towed  point  in  ihe  same  run.  fl'bis  efl’eet,  x>liieli  ean  be  noteil  in  fig.  4, 
is  aiipareiitly  a  I'unelion  of  slip.  Again,  results  obtained  with  the  sjxeeified  load 
at  all  inllation  pivssures  and  on  all  sand  conditions  have  boi'ii  included  and  a 
single  snuKjth  curve  li.-s  bcva  dr.iwu  ;<i  ro])ie.M’nt  all  the  (hita.  As  with  the  towed 
force,  it  appears  that  if  faetttrs  other  than  load  inlluence  the  performance  of 
the  tire,  they  .arc  ri'fleeti-d  in  sinkage, 

A  family  of  curves  representing  the  maximum  drawhar  judl  versus  sinkage 
relation  for  ll'.e  4..')0-18  tire  for  three  loads  is  shown  in  fig.  b.  It  will  be  noted 
that  the  curve  for  llie  112.'>  II)  load  indieate.s  that  Ihe  maximum  drawhar  pull 
Itecxinies  negative  when  the  sinkrige  e.xtoeds  about  fi  in.  A  neg.ttivo  luaxiniuiii 
drawbar  inill  means  tliat  the  resistance  to  the  nailioti  of  the  wIuh'I  through 
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Fid-  !).  —  Maxioitim  drswbar  pu!!  vs  siiikudr,  first 
4.00  snmoth  tire,  various  loaOs. 


lliL*  s,iiij  A\as  SO  }rit‘at  that  IJn*  p<jwcit‘(l  vvlu-ol  rvnild  not  tloiivt'  t  nouj'h  tinctivc 
force  from  tiic  siiinl  to  projicl  itsolf  aiiid  it  \v;is  offi ctivt  ly  iiiiiiiohtljzi’d.  This  state 
was  not  reaciU'J  in  tvols  at  lis.scr  loads,  hut  the  .sluipe.s  of  the  i-Dcves  si'f'gcsl 
that  tlic  iiiaNiiiium  drawhiu-  pull  would  bceonip  zero  nlso  at  alK-'Ot  in.  of 
siiikap'. 

It  does  not  I't'quiiv  a  careful  scrutiny  of  the  two  families  of  tiie-i>erform- 
aiice'  curves  to  lei'odiii/c  the  regular  p.itler.n  l•.•■lal>Iished  hy  \;.ryiu;:  the  load 
on  the  tire.  In  li>r.  lOa  the  ratio  of  ma\iiiiuni  dr.twhin-  pull  to  i;'.:d  (ataxiiimm 
drawbar  pvdl  coefneieiit)  has  liecn  j)h>tied  acainst  siiikr.ee;  ai o'  in  frr.  101), 
a  similar  plot  of  ratio  of  tO'ved  force  to  load  (towed  foi  ei  e'u  ’••ii  n:'i  li.is  hi  (  n 
made.  In  both  plol.s  :dl  the  av.’.ihible  tlata  with  the  4.o0-l.''  lire  I'ave  Ir  ■'ii  uaed 
without  I'loard  to  load,  iiitiation  pre.-ssure,  soil  .stiviijdh,  soi!  deo.'ity.  or  any 
otlier  factor. 

In  fio.  11a  ainl  llh,  the  data  (il)laine<l  from  t<-.its  on  the  'kf  O-ll  tiro  id.so 
arc  plottcil  in  terms  of  rinuxiianiii  ilrawhar  juill  ami  towed  foree  c  - .aeieiils. 
.•\s  with  the  l.oO-lS  tiro,  the  data  ap|>v;ir  to  lie  less  pi'eei.s,->  at  'vr:!:.l|  ;',iiilta:;es 
than  at  the  ft'enter  sinkaoe.s.  h’urliier  stn-.ly  is  misled  in  this  reeioji  to  '!•  terinine 
if  tlie  .seatter  is  ransed  by  inade<|nate  measuriry  lecl.niijnes  eu’  if  an  iniiereiitly 
unstalile  eoiidition  <’.\i.sts  as  a  result  of  purely  ;ihysiea!  factors. 

The  curves  ilrawn  to  repre.sent  the  !ViOO-ll  tire  test  results  iiie  exactly 
the  same  as  for  the  4.00-18  tire.  The  lit  is  remarkably  yiHal.  Sine.-'  t'le  ',!.ti't  l4 
tiro  is  almost  twice  ns  wide  as  the  4.r;0-18  tire,  thi.s  iiidie.iles  tliat  tire  scolion 
width,  like  inliatiitn  ]uessnre,  lias  an  rlVect  on  perfovmanee  only  i;n  n',;r  as  it, 
influeiiees  the  amount  of  sinkayi!.  The  two  tiis-.s  hate  vevy  m-arly  the  s.;mo 
overall  diameter,  so  no  inferciiec  ean  In*  drawn  eoneerniue  tiie  .  Tfoet  of  this 
dimension. 


The  similarity  in  the  shapi's  of  tlic  touoil  fom.‘-siiikn}5i‘  iind  niaximutn 
drawbar  pull-sinka{^‘  curves  ;s  ivmnrkahlc.  iu  fij:.  12,  tlic  towod  force  cocflicient 
and  miixiimin*  drawbar  pull  ttH-fllfauit  for  the  stiine  siiikaKC  have  been  added 
without  ropiml  to  sign  and  j»lotled  against  the  sitikage.  To  do  this  logically, 
it  has  In-en  necessary  to  assume  that  the  nsisting  foicc  exiHiicuced  by  the 


lV)Wi'red  wlo'cl  at  the  niaNiiiuiai  diawliar  i>ull  point  is  the  siiiue  as  that 
imsisured  for  tile  towed  wlieel,  whin  the  sinkege  is  the  s.iine.  As  ii  result  of 
this  coinliinatiou.  a  traction  coi’llleienl  hos  been  derived  that,  except  at  low 
sinkages,  is  u  otoslaiit.  It  the  towisl  toree  pins  tlu‘  inaxinuun  drawhar  ])ull 
re]U'eseiits  the  total  hori/onl.d  thrust  ileveloped  hy  the  wlu'il.  tlull  the  coustaut 
can  Ik?  consid<*issl  a  e»»eiiieienl  of  trietioii  tor  the  inleraetion  hetwccii  tiro 
and  sand. 

Another  measure  of  tin-  thrust  ileveloped  hy  the  tire  rotating  on  the  soil 
is  tliC  tonpie  input,  in  (ig.  Ida,  the  tonpu-  iiuasured  at  the  niaxinuitn  ilrawliar 
pull  point  iias  Ikcii  jdotled  against  load  for  ih.e  tests  with  tlie  ■koO-l?.'  tile 
and  in  tig.  ldl>,  the  .siinie  plot  is  shown  for  the  '.k(!0  )4  tire  data.  Stra.ignt  lines 


ha\c  IjW'u  <li-iiwn  tliniu^th  the  (H’ijjin  to  irpiTsi-nt  Imtli  sats  While  thci-c 

U  a  siitisfiutory  fit  for  the  !1.00-t4  tile,  it  iippeiiis  less  satisfnetoiy  for  the 
4.r)0-lS  tire,  jiartieutiirly  at  the  hirgest  loads. 

Some  of  the  seatter  evident  in  these  data  plot.s  is  believed,  to  ri'siilt  from 
different  dej;rees  of  slip  tliat  are  assoi-i.iled  with  the  inaximnin  drawliar  poll 
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I'i*;.  11.  — *  riTfuriii.niK’i!  \*.h  rir>t  pA'"*,  stiiimth  tin*. 

jaiint  tnider  tlie  variotis  test  eonditioiis.  This  faetor  may  aeeouiit  I'or  alnnit 
half  the  disjieesion  of  the  test  results.  The  reason  for  tin'  remainder  raiiitot 
1h‘  identifieil  at  this  time. 

The  straight-line  relation  of  tonpie  to  loavl  i>ro\ ides  a  hasis  for  eiieekiii}; 
tlu‘  results  of  tlu'  towed  foree  pins  niaxiniiiai  (Irawlmr  ])ull  analysis.  In  lifi.  14, 
the  fiirees  aeliii;'  11(1011  a  wheel  are  .liai^iaiuineil  both  for  the  towed-wlicol 
(simlilion  and  for  the  (lowered-wheel  eoiolilion.  In  the  isise  of  tl.e  lowed  wheel 
in  a  stead."  state,  tlie  wheel  load  W  is  halaoeed  by  t:,e  verlieai  .soil  reaelioii  KV, 
,nnd  the  towed  fuei-e  Th'  is  eipud  aod  opposite  to  the  iiorl/.'iotal  .soil  Veaetimi 
nil.  tsinee  "i  the  s!iad.\'  tov.ed  eotulilion  there  is  na  tovipm  on  t’;e  'e.heol,  the 
aleehrei.  1  of  moinents  alunit  the  axle  imi-.t  enoal  zero,  I'herefore.  tlu> 
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-  'rrix'tiiiii  vs  siiikni'i*,  lir.sl 

4,rit'-lS  aii'l  I'.l'n  1  I  MiKicilh  tires. 


ivsultiiiK  of  the  vorliciil  soil  ivaction  must  ho  sliiiu-d  forunnl  a  tlislmioo  niv 
so  tliat ; 

h'v  (im)  =  Tm  (ii'ii)  (Fni) 

In  tin'  ojiso  of  I  111-  I'owi'foil  wlnvl,  tin'  ln)l•i/.^lt1l:ll  foi  oo  tit  llio  iixlo  noniially 
(’liiin^'i'S  Oiri'i'tion  ai'il  hocontes  thi;  drawhai’  inill.  .\  Iokiuo  iiijint,  T(\  is 
luldoil,  ns  is  tin'  hi'i-i/.ontal  liaotion  foi-ii*  'I'K.  The  cijitnl ions  of  ciinililniuin 
mmiio  that: 

W-KV  (Fai'j) 

Klf  (Kq;t) 

T()  +  lili  (mil)  •■=  I<V  (inv)  f  TK  (n!)  IF(|4) 

Onl.v  the  foiros  W  ainl  I)H  and  tin*  loniiio  TO  aio  measured  direetly. 
The  niijinent  .•irm  rd  etin  he  ealenlaled  frOin  t)ie  iinderlleeted  tire  rtidius  tind  the 
delli'etions  measured  hy  tin'  g.'jjes  insidi'  the  tire.  The  remaining;  vtiliu's  eau  Ik* 
supiilied  only  if  eertiiin  iis.siimiiiions  tire  iimde.  If  it  is  nssnined  that  the 
force  KlI  is  a  function  only  of  sinkaec,  then  from  the  ex|ieriment.nl  data 
discussed  lueviously  12),  it  c;i!\  he  .sUited  that  for  the  tires  te.stcsh  the 

traction  force  TM  =  O.itDW.  ]f  it  is  furllter  assumed  thiit  H\’  (mv)  ~  HU  (mh) 
as  in  the  case*  of  the  towed  wheel,  then  Tti)  ~  TH  (isl). 
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Fi;;.  13.  —  Turt^iio  nt  niiixiiniim  «lriovl)ar  piiU  vn  |pntl,  firr^t  j  nx. 


Till;  nvorajic  dolli'ilid  ijuliiis.  nl,  infn.sm-cd  in  the  Ic't't  on  the  4 
tire  is  T2.i5  in.  inul  for  the  9.00-14  tire  nhout  12.0  in.  Th'-rifore,  fo 
4.ri()-]8  tire; 

123 

TO  - (0.;t!))W  o.inw  ft-ih 

12 


jiiid  lor  llie  9, 00-14  tire: 

12.0 

TO  = - tO.:J9j\V  0.41W  fi  ll) 


.'lO-lH 
r  the 


The  .slnii;ilit  line.';  ili'lineiiteil  by  these  e<in;itioiw  ;ire  lliov  lii.'U  hnve  been 


ilinun  tliruu»li  t!ii‘  <Iala  juiiiits  in  (i;'.  1:1a  and  i:il>.  Tlic  fit  is  rcasoDiiblc 

I'XCfpt,  as  pn'viously,  for  tlic  liinln'r  loads. 

From  tho  data  aiitl  discnssions  jn-csrnird  tliiis  far,  it  pan  be  poiichulpd 
that  tin*  pfFi'rt  of  san«l  roiidition  »>n  tlio  ppidoi’Mianpp  of  a  tiro  on  its  first  i)as.i 


A  .  TOWED  WHEEL 


D.  POWERED  V/HEEL 


y"y)i.  14.  — -  I)lii^r:»»n  i»f  mi  in  shipI. 

ran  hi'  ptisiii'li  d  if  llu' tl'-.it  will  ran  In-  ]tl'rdii'li  d.  rnCnrl  iinnlrly, 

at  till*  tiiiii'  of  this  wiil'in^  llic  slnL.iip'  rannot  V"!  !ir  jiirdirlni  .-at  isfariDlily. 
Kxist  iii^i  aiinlyliral  i.n  brs  -.iii-l)  ;is  i-l.is-.iiM  1  lir'ii  i;'.;;  r:.!>.  ''i'.y  i  (jirition.s 

and  I»r'K]a-r's  diiLaiur  i-,  a  :;oa;  war  fcilml  to  br  inaniirr  ;d  ilr.  'i'la'  rN  prriini’lllal 
data  fiina  nlar  (-.il 'r;-:. ...  'ao.i’ri-r,  .iinl  it  slna'dd  noi  In'  li.n  dii.r.  nlt  in  dri-ii  r 
a  ;irin'i.d  I  I'liiiiitin  foi  .  ' :  iti  tii'ins  of  lir"  si/:r,  lii.'.d,  si.  :1  i  r;'.;;!  !i,  rtr. 


A  tvpU'iil  Uiaa-siiika^i*  (.'lu  vc  is  sUuwti  iu  fig.  Ifi,  The  iliita  ar**  f*n*  the  *4.”)0*18 
lire  at  3.')  |K'r  wiit  tlrlli-rvion  <>ii  n  nicirmtn-rdu-nul li  siiml.  Tlic  sinkaKi'S  ai'C 
thusi'  nu'iisuivd  at  ‘ho  lowi'tl  puiiil.  tlieiv  i-,  si-atti'i-  of  tin*  djitn, 

iK>  diffirully  is  v-Njiorioiici'd  in  driiwing  an  avoraf'o  curve.  Tlic  cflVct  of  simJ 


Ki;;,  t.>-  —  Siiikiigv  v.-^  lim.l,  rn>t  lnwvil  4  r»a  IS  .•‘tuoujli  Vf  ‘U'ttuil  iim, 

ihr<liuiii  ^lrcltg|1|  suiiit. 


str-n”:li  Is  illiisl ralcil  in  Hj;.  Hi  wl,crc  lo:iil-sin!;;:i;c  riirvis  for  soft,  iiu'iiiiiin, 
ainl  iii’iii  -sainl  arc  illa'.vn,  A|ijn oxin.alc  nuini  l  ical  aliiatioiis  of  tlic  salul 
I'C.iuViliiin  <Kscriliivl  hy  il\c  Irrnis  soft,  incdiir.n,  tiiul  flrni  can  be  olitaiiicd  fi'ciin 
llic  table  l)clinv  ; 


D««crl)ittT9  Urm 

Soft 

Me<Mu!i» 

TU\n 

lU»  ll'Mi.'llV,  ll»/cu  ft . 

UT..'i 

!•{>..*» 

mi.r. 

Ki’ulinti  uii|;lr,  . 

;i4 

;u  '.a 

4*0111'  ",  \yM . 

■J.’i 

411 

.’i.l 

Ko  llv  jn."  - . 

la.n 

Kr  tli/iil."  ►  • . 

y) 

1) 

1) 

B  *1  juirM.'iiUI  . . 

4».S 

l».S 

C.S 

Of  (  t.4  in.  ili:iiin.‘tor  jitniit)  », 

(I.  It 

IM'il 

0.73 

-  ^  -.f  -  ■  -  .  .  -  .  ■ 

—  002  — 

The  eHivPA  in  fig.  Ifi  slujw,  ns  would  lx;  exju-eVed,  tlint  tlu*  .strongest  sand 
enn  carry  the  grontosl  load  without  excessive  sinkag'.  Also,  the  general  shapes 
of  the  load-sinkage  eiirvcs  arc  not  iialiite  those  ohtained  in  tlie  plate  iK'aring 
tests.  The  inlhieiicp  of  tire  dellcetion  on  the  load-sinknge  curves  is  shown  in 
Hg.  17a.  Tiro  prints  made  on  an  tinyicUling  smfnce  show  that  the  aiva  of  the 

1, 
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1**.  — ‘  hinVifijio  vs  fir**!  h»wc*l  4.50  ].^  ?smin>jli  lire,  ‘M) '/c  tlrflctl 


tire  ill  contact  with  the  surface  is  iilHUit  lla*  saiiu’  for  all  loads  if  the  deflections 
are  the  raine.  Kor  the  4.r>0-lH  tire,  the  h.nrd  surface  cuiilaet  areas  niiproxiiiiately 
dor.hle  with  each  10  increase  in  dclh’ction.  The  actual  an-as  arc  about 
12.')  si]  in.  at  deflection,  23  m]  in.  at  ‘i.'i  ihlli'ctioii,  and  36  sij  in.  at 

3.J  'c  deflection.  A  load-sinkagc  cni\c  for  a  eonstaiit  delleclioii,  then,  can  al.so 
be  <'onsiileiod  a  I'oiitact  prcssuie-sinkaee  eiirve.  .\t  any  given  load  the  three 
def'eetion.s  also  represent  dilTeivnt  eontael  jne.ssnres.  llowcxrr,  if  tire  data  of 
fig.  17a  are  rejilotted  on  the  basis  ttf  contact  pressino  instead  of  load,  fig.  17h, 
the  curves  do  not  collapse  except  for  small  sinkage.s. 

In  fig.  IS,  load-sinkage  eiirxes  for  two  tires  are  cuinpaied.  .\11  test  eonditions 
wi'i'e  elosely  similar  in  these  tests,  execpt  th.nt  the  0.(50-14  tire  has  a  .section 
width,  approxiinalely  twice  that  of  the  I.-IO-IH  tire.  The  data  arc  too  few  to  1k‘ 
eonclusi\c,  hut  the  tia'inl  suegests  at  least  that  the  lo.id  lirr  tinif  width  may 
be  a  useful  factor  in  eomj>ariitg  flic  performance  of  different  sizes  of  tiiTS. 


All  of  the  ii'sults  ili'wvilM'il  thus  far  have  iHt-rii  wiily  for  the  first  tuist  of 
the  wheel  tluoU(:h  the  siuul-  Since  almost  all  nn'lLitiirj'  vehicles  have  two  or 
three  ilriviiig  wlieels  following  one  Ik-IiiikI  the  oflinT,  it  is  of  considerable 
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17.  —  kuul  iiint  <*mu;ict  pro-ourc,  tttwfil  -l.on-lS  > 

Tire,  inc'VMiiii  w1ri.'n;4lh 

inijmrtnnce  to  si\iil_v  tlie  efiVels  of  ri'petilive  1r;i'';ie.  Data  of  tliis  m 
being  oolleeteil  on  all  tests  l•l)n^llle^^•l^  by  tl\e  A.M.'li',  Inil  as  yet  they 
been  given  iletaileil  slmly.  Diseiission  of  this  aspict  oi  llie  work  will  be 
only  to  outline  the  natnre  of  tlie  prohlems  invo'nil. 


niiK>th 


i\Vii 

have  not 
sti.Tieiont 
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Fijc-  IS.  — ■  SiiiVn^^r  v.i  luhil,  lir^l  I*!!?*:*,  I(jwe>l  Miwtuth  -5 ilclleci ion, 

innliuiii  Miroii^lh  :<an>l. 


Aiiiilysis  of  nuilt i|>U‘-pji.ss  iliila  is  t'oinplii-aliii  l)y  tin-  1’iii‘t  thnt  ])r;)cli<>iilly 
all  tlio  Oiiiulitidiis  tJin  tiro  itself  ami  it.s  load  ai’o  eoii.slatitly  ehaiijiino. 

One  of  tlio  nioiv  iioride-siiijt  proMoms  is  tliat  the  prrceiitiitto  of  .sli)>  -at  wliioli 
tlio  iiaixiimnii  drawlKir  pull  wears  viirios  with  tlio  oianlitioiis  cri'iitod  oti  tlic 
previous  pass.  Tiiis  pro.a'iils  diflioultios  not  tinly  in  niailysis  hut  also  in  c.s- 
tahlishin^;  the  inauner  in  whioh  tlio  tost  sliould  he  run.  Kor  illustrativi'  purposes, 
two  test  eonditions  have  Imsui  soloolod.  Various  data  items  inoasurod  diii'inj'  the 
t«‘st  have  Ik'ou  plotted  ajrainst  the  lunuhor  of  juissos  in  tit;.  !'■*  to  show  in 
t;r.iphio  fonu  the  eliauKos  that  aeeur  ilariut;  the  tost. 

Ill  general,  as  the  plotted  data  sa.'ice.st.  it  i.s  found  that  tliere  is  a  definite 
tieial  for  many  of  tlie  test  parameters  t<»  ajtproaeli  an  eipiilii'riuiu  value,  dliis 
value  may  1h'  either  greater  tlmn  4>r  le.vs  tliaii  the  !irst-]iass  magnitude  of  the 
]nir.imeter,  depending  upon  tlie  initial  eoiulition  of  the  sand.  ’J’hi.s  is  ol  eunsider- 
ahle  inteivst  ill  the  operation  of  long,  train-like  vetdeles  or  in  inultii'le-vehiele 
ojieralions,  for  the  elTeet  is  to  h‘s.sen  tlie  iinpoelaiiee  of  the  first  wheel  over  a 
given  point.  In  poor  going,  the  data  suggest  tliat  tr.iiiis  sliould  he  advantageous 
hut  that  on  (inn  sands,  disiiersi'd,  single-unit  o]iei'atioii  may  he  more  eliieieiit. 

It  is  readily  evident  that  there  is  nineli  yet  to  he  learned  eoiUTiniiig  ttiu 
elTeets  of  sand  heliavior  on  the  operation  and  peri  orinaiiee  ot  piieiimatie  tires. 
It  is  hoped  that  tlie  experiiiieiils  being  eiuidiieted  at  tlie  will  provide  the 

data  that  will  e^eIllually  fill  the  gaps  in  the  l  iunrledge  in  tliis  area.  In  tlie 
future,  tlie  .study  v,-j(i  cxtoiided  to  ineliide  piieiuinU  ie  tires  on  soft  ehiy 
luiil  Iraihs  on  tiott;  samI  and  elay  wiieie  even  iimre  elialleiiging  prahh  nis  are 
lii  lievcd  to  lie. 
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Messungeti  von  Hollwiderstand  und  Zugkraft 
von  luftbereiften  Ackerschleppcrn 
sowie  mechanischen  Bodenkenngrossen 
und  Versucli  einer  Zuordnung 

Comparison  behveen  relationships 
of  agricultural  tractors  and  mechanical  soil  values 

Misure  di  resistenza  al  rotolameiito 
di  trattori  agricoli  con  pneumatic! 
in  relazioiie  al!e  carattcristiche  del  terreno 

W.  SiillNf:* •*))  •  K.  •!.  .SoNNKN  ••) 


ABSTRACT.  —  Alter  World  IVar  Jl  the  Deparlrjientf  ol  Tractor  Research  and  of 
Basic  Research  in  Acricitltural  Enyineerii:^  in  the  Agi  icnltural  Hctcnrcli  Center 
BrawtsL'hweig-VdlkenioOe  hegan  some  inicsliyr.t:ons  ou  Pie  relationships  hcin’cen  vehicle 
and  agricultural  soils,  basing  on  pretio.is  studies  in  tins  lie'll.  tie!,.ies  other  work 
measuring  devices  and  ntethod.s  trrre  set  up  xeturii  euah'ccl  investigations  on  the  traction 
.performance  of  entire  vehicles  in  relation  to  uirl  the  rulling  resistance  as  well  as 
determination  of  shearing  resistance  of  soils  and  verlicnl  soil  deformalion  under 
leaded  plates. 

These  devices  were  used  for  rjcasuri  ments  on  different  kinil.s  of  mineral  .soils  nnil 
art  peat  soil.  The  tests  on  mineral  soils  were  to  ■hcio  Pie  dil’ere'tc.rs  iit  rotting  re.u:  tance. 
tract. on  and  .roil  coi'jTu  ieul.s  on  tout'll  and  .'c!.‘t-d  i.l'ir-lrlc  jicids  and  cn  plo'wjhvd  soils. 

As  to  be.  i'.irecteil.  each  eultivr.'ion  of  :..y.i  d'lcrc .ised  the.  traclicv.i  perfo-rrance 
and  increased  the  rcAling  resistance.  The  prcsii.re  icsis  indicate.:!  that  pra.i  rc  i'-.crcrisc 
compliss  luich  the  Oorj'i'.schhin  finnula  p'zkz'  c-il’J  o.n  ictilcii  o.id  nr.ifcrT'i’.j  rrtoisl 
n  hieral  .loih.  l.nose  TOincrol  soils  rritii  t.llapc  l.'mit  on,  in  the  U'hd!'',  soils  r.viiii  i  trw.ture 
and  herradil'J  rariaticns.  differ  wiCfl’J. 

It  prooved  thr.l  the  Ciorjr.'rc-’.ir.  furiii.ili  does  no!  a/p’.v  to  peel  soils.  Cor.lrary 
to  i.iin  'rot  soils,  nilidl  ;l:o'i:  olj  ys  ui  ii-eri  :  prc'.ir.’  sith  ijro'.oing  tl-’p:h,  p.^ot 

.-.i;:.-  ii'.lictit'.’  a  rr,c.rin,crn  ’I  'th  dscrrastr.g  c'  'O.h'  it  miiiJiiri-g  i<rn^:..:rcs.  Ploreo'jer  the 
c'.ji.TCii'n.sffr'i  of  pressure  are  consaierc.hiy  ini'.,: .I'cd  hg  icote-l  sods  or  hg  /inner  or 
drier  surface  lagrr. 

As  shritr'ng  te^'s  have  protr,;.  .struct:  re  ;  uriutio,:.’:  of  rnincral  .icils  due  to  soil 
c:.ilieatioii  arid  plant::  groi.iPi  have  an  iii'.is- .v '  o  i  the  cnv.r.'ic  of  ‘.ho  siiCtir  sfresses  in 
relation  to  the  shforing  und  ghdu’g  uaij.  vh-'-.es  even  vcri/  irit:ese  eiiitivotiou  does 
not  alter  the  angel  of  internal  friction  to  a  rir.'.or  evtent,  ;;nniucd  huriiiditg  and 


*)  Tri  vnt :!o/.i'iil  Ii'K-  ^Viillor  i-I  n  is.'riisi'lii;  f 1 1  irlirr  M  il ;i I  Itoi I  cr  Hiii 

fiir  L.'i in-  (Jriiinl' Miii.  kli'i  ;  I’luf.  Dr.  1  iij,'.  \\ .  Ikiii'l)  ilcr 
Ti'l  ;ill  l  ii  r  iri  ,  Driiiin-'  i  •. .  \  nlki  ii  rmlc. 

•*)  I-'riiii/.-.I i'-t  i'-ril' rli.i H liflu-i’  .M i t a rD'‘il or  am  lastitiit 

fi'f  Sail li'jijH'i  -lai;  M)jn-kli»r;  I'T'il’.  Dij*l,  D-;s  il.  'ler  l'i*r>alitina.'ia  ii>i all  tiir 

La a-lwi  tl  -‘i  lia  ft,  I’-raiiia-iiiwi.i;;-  V  .ilk in  luili. 
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prc.Murf  rrmain  conjtant.  Cohesion  varies  considerably  fn  relation  to  the  texture,  but 
fn/i  be  put  to  zero  lor  some  time  by  agricultural  cultirallon.  According  to  the  results 
hitherto,  testing  methods  and  devices  should  be  improved  so  far,  that  better  correlations 
bclween  physical  soil  characteristics  and  coefficients  oj  rolling  resistance  and  traction 
can  be  obtained. 

Ill  <ici‘  liUiuhviftscliiirt  inusscii  tofivicficml  iiiisst^rliaUi  fi*stfr  Fahrlialinen 

Laslcii  traiispoitii-rt  uiid  Cciiite  /.iir  J?«(lciilwarlH-iliiii;',  l*riiiii7.i‘iii«rU'<'p  tiud 

I'liiilr  }'c/o^»‘ii  wcrilxii.  Dazii  wunUn  in  det-  Vci "iingciilicit  Tioit;  Acnvendpt, 
die  sicli  seliwiciiKon  Bodonvi-ihiiltnissfii  ivlaliv  gut  aiipiitscu  koiincn,  die 
ji'dooh  dun'll  «lcii  laiidwirlsc-hal'tliclicii  Tniktoi-  zniii'liniciid  vonh'iiiigt  wcrdvii. 

Dir  Ausljildung  dci-  FalirwcrUc*  diosei*  Ackci-'a'ldcpiicr,  il»*r  Ai-bcitsmn- 
scliiiu‘11  uiid  -gci'iito  und  iK-i'  Tiaiisporl falir/.cMgc  ci'l'Dlgte  iiii  woM'iitlii-licn  oiu- 
liiriseli.  J)alwi  stiilx.tc  man  sich  aiif  Fi'lihcrsuclie,  deivn  Ki-gclinissc  jediK’h 
l<ciinii  Kiiildick  in  die  /.nsaiiinieiihiiiige  dee  Voegiiiigi*  zwisclieti  Keifon  niid 
linden  geslalteii.  AIKidiiigs  setzleii  iH'i'eits  \<n'  <leni  ei-slcn  W'eltkrieg  Hc- 
miilniniieii  niii  ilire  l-ii  loesolning  ciii 

Naeli  <li'iii  zsveiteii  Welikrieg  wiirdc  ankiiiipreiid  an  diise  Aelmiteii  die 
I'll  rursi'lning  dee  /iisamiiienliiiM^e  '.viedee  aurgciminiiien.  Ilie  Ziel  isl,  die  IJe- 
'vei'inig  dee  l'’alu'/.enj;e  aiiSNeilialh  iVstee  l'’alii)ialiiieii  mi  sieln'i'  wie  indglieti  7.U 
iiim'lieii.  Da/.n  milsseii  die  Unllu'idei'sliiiide  dee  laml'weike  geseiikt  niul  die 
\\ii'ii'ieli.-.ki'iirte  m'slei^'Ci't  weideii.  Al^  Vneaiissetziinu  liierlTie  inuiv-'cii  /.niiaehst 
die  vuin  Bodeii  aiifiieliiiihaieii  Diiieke,  <lie  Sehulisjiannimeen  iind  die  Voefor- 
UMingen  in  dee  liei'iihriiiip'<liaelie  zw'iselien  l/iuH'wei'k  uinl  Uodeii  liestiinint 
w'ei'deii.  Neuerdiii'is  wevden  in  dee  Foeselmiig-iansialt  iiie  l.aiidw'iilM'liai't,  Bninii- 
seliu'eigA'illkeiii'odo,  I'lileesiieliiingen  dni'clieeCiiliet,  die  eiiie  KuneliUioii 
M'lieii  dell  pliysikaliselien  liodenkennerusseii  und  den  i{l>ll^ville^^tilndell  luid 
Vorteieliikiafteii  "(.stallen  sullen. 


1,  -  Messiutihoden  uad  -einrichtunz'en 


1.1) 


T-lc:  "jmclbod'^n  un-i  -civ_ric’.:lu.n"2n  zur  von  cl.  Pchlupf 

urid  i''.ahrv/icorila'i.d  voa  Laufwcrbcn. 


l)as  Iiistitiit  I'iii'  .'■'eiiK’pi’i'i  l^l^selull|e  I'idirl  .•^eine  Vei'.--iU'l;e  auf  e  leler 

WieriC  Jueeli,  es  niiiuiit  tiio  dainit  veeliiindeiie  rtieli'iidirdi ini  :!'ei;  ^'on  Texine 
uiid  Sti'iiktue  des  Helius  in  !\mii’.  um  .;ieli  den  pnditisi'i.en  Vi'e'.iMf aissen 
aii/.uiiiilieen.  Iiinerhall)  d<'e  einzeliu-n  Vei'Niu  li.xieilu  ii  miivs  jedm  li  die  I'lieleich- 
njnni;;keit  iiidglielist  geiiiie  m-jii.  l>ie  zn  uiitersuelieuden  I'',il;i'''.ei'kf.'  ueeden 
an  KevieiK'ti:n  ]''ahi'zene;n  entsin'celu'iiden  llenielit'.  und  i):',''eiulee  Motoe- 
leistmn;  ant^L’beaelit.  Diese  wenlen  vuii  eineni  ^(ess^eaeen  gezneeii  l)z\v.  abeo- 
liieiu.st.  Die  zwiM'Iu'ii  Veesiu-Iisiahezeu"  und  Messwaein  aiiseerible  I'Crni't  uiid 
iiliei'  I'ineii  Ziurki'at'tiiies-iee  n  gjsleiei'l.  IJollw  idee^t;illde  citizelnee  Aehseii  eim*s 
Kaliizeiiees  werdpii  aiifgenoiiuMeii. 

Als  ^le.ssivaecu  (Hi!d  I.OI)  wii'il  ein  neliindeeiinei^e.s  Falir/.etie  niit  All- 
ladanti'iel)  uiul  Alli  adlneni.se  lieiiutzt.  File  die  lu-eisli  iei'ini”  di'i'  Zugln  aft 


griiu}^  cine  mil  hydriiulisc-luT  Knillulx  i  tiaKung  auf  <liis  Sthroib- 

Konit,  tia  hohc  Krc«|iiony.*‘n  niolit  t'l-fnssl  wirdon  miisscn.  /ii"lcich  mit  dcr 
Ziifikinfl  winl  <lcr  Sclilupf  U'i  I'iihrwoikcn  niifnp/.iicbnet  (IJiid 

1.02).  Kin  mi.>«it7lM-lior  KuiiktJoiKsojiipilipr  (XY-KcpoiiiiM)  hii'ifur  ist  nocli  niclit 
-oi'probt. 


T"6 


Dpi-  Splilii;>f  liisst  sicli  iimpU  l''rri.sc  -  .linl;irr!i  mi-.-scn,  dio  l)i!Toi'ciiz 

zwoii'r  J)i'cb/:ddi'n  iH'stimml  und  sip  zn  ciiior  von  lipulvn  ’ms  \\vliiilt nis  sptzt. 
HpzpipiiMPt  im;!1i  die  I'iir  t'ini'  ln-stimmlv  .Stu-el;*-  i-i  .^ll/:;!ll  il<  i’  I'liidrc- 

<b-i'  Tiit'biTid»-i'  umt-p  .'sclihii)t'  mil  /.,  die  A;i/.;dd  del-  I'liul n hiin;::c'ii  bei 
sclditpfiosi'iii  Aliiolli-n  dvr  Tricbriidei-  imf  d»-r  Strpcl;c  init  z,,,  d:mn 

"ill  I'iii’  di'ti  Siddupi’ 


a 


100  ^  (1 - ) 


lOO'/f 


7. 


—  r.io  — 


Bot  tlcin  Kiitwnrf  ^[l‘ssl^  riitfs  wiiido  voii  t  itior  voii  Fn-iso  nngrgc- 
Ix'urn  Aimiiliiiitifr  ini.s^ri'Kimcf!!  (Bihl  1.03),  init  diT  <lie.se 

Btv.ii'liiiiig  woi-tli-n  k:mn.  Ks  luiiidi'lt  .sich  didM*i  um  rin  stu- 

feiilos  ein.stolllmirs  (iotviolx*  jm.s  I'inoiii  Bi  ibkoj'ol  iind  i»us  oincni  Roil)iad,  dns 
iiiif  eiiM'f  mil  (iowiiult*  Wt-lU-  (.'Npiiidcl)  j'fliii'i’it  ist.  Das  Roil)i*nd 

wiiM  an  di'ii  Ko^jol  (ilinc  B«'lastui>;i  Wrilc  aiiKipns-st.  IR-ibnid  iitid  Ki'«ol 
lialx'ii  iiifoij'i'  /wisidicii  iliiu-ii  Ix'stclKisdcii  Ri'ihiinp'  rinfannsprscli- 

wiiidijikcitrn.  At-ntlmt  si«-li  «l»t‘  Diolizahl  v<in  Kc;:»  l  Wi'lli*,  so  viM'scliirhl  sk-h 


1 

i 

1,<M.  —  XDi'kr:ifltMO>suj»5;*’H.  tO  fiir  Wdj;  ( Al»]:i\if4Murj'’l»t)juj*  f.  ))rfuii.-i4*i| 


<las  ]u-il>r;tci  aiif  d<r  mil  fJpwindc  voi-srlioru'i)  Willo  axial  so  l.ui^ro,  bis  dio 
Dll'll, :a!il*lirrcii'n/  .•iiis;r(’<,diclH'ii  ist.  Dip  axialp  ib's  Jiribiadi's  is;  pin  (’iprktps 

.Ma.ss  fiir  ib  ii  .Schlupr,  sip  winl  anf  ili  in  ^ipiclipii  iMi'S'sli  i  iii  n  V'  ip  iIip  Zii'.r.i.ift 
ai:!'t'i>/i  i<  b';pt.  Dip  An/pi,'rp”piiai;i;’,’;nit  <1ps  Sflil’ijiiinoss-  iind  Scji.'Pib  ;pixUps 
!)pti’i:p|  zn  ID  Spliliijif.  Dip  liinslpll/.pil  is!  klpiiipv  abs  0,5  .vpp.  bpi  Apm'pi-nnfr 
dp.s  SpIiIujiIVs  Kill  1:0  D-  1  Rpibb'p.wl  wircl  von  dpi'  /ajilMpUp  ib-s  Vvlsllphs- 
spiilp|']ii'i-s  aii"ri liplipii,  dpppn  1  iiidrplMii'.'nii  in  l  iiipin  fpstiji  \  pi  Vi  iltnis  zu  Icii- 
jpni;;i'!i  dpi  Ti  ipbiiidpr  stpbrn.  Ilic  S|iiiidpl  winl  piitwpd.pr  von  piin  iu  Miilaufrad 
islor  lipi  spliwlpiitTPii  Apkprvpi-liiillni.'SPii  von  piiipr  Srilrollp  aus  ppdi’plit,  iibpr 
dip  pin  iin  ’Imb  n  vi  raiikpifps  Soil  .ibnicl't  0>'ld  1-04).  I’m  dip  I'cl'.n- splzniia;  don 
wpilisplndcii  Rrirt'itdiirpliinpsspi-n  uiu!  l-'alirli;ibiil)i''1in':iiii^:pn  an|tasspn  zu  lioii- 
iiPii,  ist  pill  Wi'itpips  s(iitViilos“s  (I'tuipbp  /.wisplu'ii  Spindpl  mid  Spilrollp  pp- 
sclialtol.  Dip  I'pbprsi'tzum'  wifd  ilaim  jpwpils  so  ppuiil'.ll,  dass  dass  Mv.sspprut 
la'i  .spldniiilasi'iii  Abrollpii  dor  lu  il’pii  aul’  dpai  dip  Nnll.iiizpi;;'  pibt.  Das 

(.tpiiil  wil'd  -soit  lO.'id  auph  Uiilpp  splnvioripstpii  Apki'nprhiilti.issp'.i  In  nuizt  mid 


-  r)ii  _ 


l\f)t  sicli  si-lir  jrut  l)o\viilirt.  K‘,;i  Schlunf!icliiviJ>>^r5r  i»  niiiiliohi'm  Aiifhnti  winl 
iinch  /si'll an gi-  soil  I!)")?  niicli  iiu  Iiistitnt  fur  I-mdfccImik,  Potsdam  Roinini, 
vorvoiidi't 

1.2)  Messeinrichtuui^  zur  Bestimiuung  mecbanischer  Bodenkenngrdssea. 

I)rr  i{iill\vidi‘i-stiind  voii  laiufwoi-koti  winl  ansM'rludlj  foster  Kaliihn linen 
iiheiwic;j:eiid  von  del'  veitikaleu  Veifonuiiuf'  des  Bisleii.s  lintel*  deiii  l,aiif\verk 


I 

f 

I 


Li**>  u.  J.OO.  —  il  vih'.'iliM  it  l.'-t  rioKoitpr  am  Sp 


Itn'iiillusst ;  die  Zi;  rkl  ii t’te  vian  Si  ;i\d)s;i;cniii!;:-.;s\ 1 1  hiuf  in  .Vhlu'inuiekeit 

Von  del'  In  i  i/'ental.  II  Vert'ormnii};  des  Rodens  ;.'i.  /O-.e  Rest  iniiollii':  lieider 
bodeniiieelntiiisi'lier  lu'nii;.,'i.'bseii  wiirdeii  vom  I'iii*  lennlieeliiiiselie 

<  I  ril!ldla;;i  iil'o!'s<'li!;iii;  ilie  uiili  n  l)e ■■.e!n  iel)en«  n  lieriite  eatwickelt.  Rie  siinl 
.'seli!ei)i'.i  i'a:;lia\i;re.'iilc  mid  beiintxen  die  Selde|.e.i"li;.  dr.nilik  als  Ki'ailtillelle. 

I.'.’l)  He —  Ziini  l'•e.s^i!!!:l!en  dee  \ erl ikalen  W-eioinuiiiL: 
de.s  Aekel  lei  lelis  ill  .\ lilni f.;;  :;;!:eit  \  on  eilU  l'  1  ,.is!  wunle  ein  livdii  aidisei'i  ivetrie- 
la’Iler  Rr’delidl'ueksteinliel  ilUld  l.ti.'i,  l.OC)  ('nl'A  irkell.  Pie-^vS  tleliil  l!  .stall' 
am  Seldepiici'lu-ek  ai,:;el la ill .  i-'s  l)e>|elit  ini  weseiil  liv  In  :i  alls  einein  Iiydi  .i.iiiselieii 


Arbcils7.yliiiilor,  «lesM‘u  KuilR'iiHtuu^  luit  I)rucl.|i1ntt(*n  vrnwIiiMlotM'ii  Durch- 
niosscrs  von  70  •)!:<  400  imn  l«\v.  mit  Uivlitockulatfon  t'litspiTobcndi  r  Flathon- 
{irbssc  mit  I'incnt  Scitfiivi'i-hnitnw  4  :t  v**i-s<‘ln‘ii  wi-rilcn  kiiiin.  Das  KiiKlringon 
«1i'r  Pint  ton  in  «b'n  Ikwlon  win!  filx'r  l  inon  Rowdoniu};  nuf  oincn  Indikator 
fibortra^on  inul  ilii-nt  ills  Absy.isso  fiir  iloii  Dniok  iiii  Arlioits/yliiulor,  dor  ids 
Muss  dor  Hihdiriokkrnl't  vom  indikiitor  fioinos-s-n  imd  iiufuosvJn  ioln-n  wiisl. 


1,07  n.  —  IlyOrnuli^rh  Im*!  am  I>roi|»nnkt;^i*>;|iinj;e 

ilc^4  porn. 


1.22)  RinsscLevgenit.  —  In  Anlolmnt!^  an  tin  .‘iltons,  bnndboliiti-los 
Kingsolior^oriit  das  \ oi nolindiolt  im  Laluoiitorium  vonvondot  wild,  wurdo  oin 
ijrdvson’s  lliiijisolii'iyonit  I'iir  Koldvorsiulu’  (ichaut  (Pdd.d  1.07,  l.OS',  ilo.s  mit 
oiiior  vortikalon  Last  bis  400  k::  aiboiton  lainii.  Ks  wild  am  Di oipunktiinbiut 
dos  Solilopiii'i's  bofosiijit  nnd  duroh  oinon  zusiiti.liobon  I >i:t”on.;lloid;or  in  soinor 
Stolliing  lV.sl"oIi,dti'n.  An  d-'in  vorwindnnjjsstoil'on  Kohroidimon  dos  (loriitos  ist 
dio  M'ollo  dos  Sobon-jnoos  f;oIa"oii,  dio  iibor  oinon  UoIh'I  mit  (lowiditon  lirlnstot 
wild.  Dor  Sclioiilior  wind  von  oiiioni  hydra  id  isoboji  .Vrlni'szylindor  f;odrolit. 
Das  Itrolinminoiit  %!or  WMlo  wird  iibor  zwoi  hyibaidisolio  Mo^sdosmi  (Bild  1.00) 
aiit'  don  Soliorriiif;  (Hilil  l.IO)  iiliortraoi-n  and  mit  llilfo  oiiios  liidik.itovs 
tiomcssoM  und  aiifitozoiolmot. 


—  r,u  — 


2.  -  Messergebnisse 

Dio  Mossungcn  wiinlon  nuf  tlroi  llini'iJillKidcn  Ini  jowcils  zwci  vorsthic- 
BocU'ii/iisttiiub'ii  iind  aiif  2VIoorl)0(lcii  iliiiTlifri-riiln-t.  Die  Komgrosson- 
■  verteiluiig  uud  tlie  BoiU‘nfoiicliti;;l<oit  ilcr  Mincr.illHiilon  l)oi  rlcn  oinzcltipn 
Vorsiu-h-.Mi  siiul  in  Tiibillo  I  wic(ln  <:r"rl)<‘ii.  Niilioro  Aii"iilic  n  iiln  i-  iloorbiiilon 
fiiulon  sirh  iK'i  ilcii  Kfgpbnissi'u  .licsor  Bikloii. 


Taiiki.i.k  1. 


KoriiKrds8eDVert«Uung  la  % 


’)  Infiiljio  \Vin.riiii)'8ii!ii><rlilin;i-i  Vo'into  il;i8  Vij ''jili^pri)f;riuiim  iiii'lil  liii 

ptriciii  I*nj4  (III r'*hj;ftuKrl  wcrili'ii.  Ihilicr  •'in  Teil  di-f  Mi.''*>ii:ij;cn  iiiiliT  ^(.'iinilertcn 

nciliiiHiHUjoa  gviiiiiclil  wcrdcn. 


2.1)  FrLrwidcrstand  uud  Zvgkr.vftvcrhidtea  auf  vtrocl’ic-doacu  2bclcn. 

Dor  Vcr.' iiclisscblcpiH'r  wm-  :in  iUt  Ti  ipl);u'liNi'  bpi  t  inVr  .st;itis'.-!u'ii  llintor- 
iU'bsbist  vnii  1404}  bn  mit  Kcili'ii  •Icr  10-2S  A!:>  iiiit  cinpiii  ib'iiciiiii- 

lU'iiili'iick  vdii  0,iS  nivi  aiisf'prustpl ;  die  Vorilpiai’Iisc  >viir  bci  I’iiuT  statisi’lu'ii 
iVi]isbi'«t  von  i)44  bp  mit  Hpil'cn  r»,r(().in  mit  cim'in  liim'iulruck  vmt  1,')  ntii 
Hci  (Icti  M(KH'vcrsui'li(>n,  die  wpilcr  ztiiiicklioin  ii.  wav  ciu  iiikIcivv 
8cl'b'iij;cr  mit  Soiidvi-ausiiistiin;:  vingi'.spt/.t  wordpn,  div  .Kpiitov  r.r.^i'spbi'ii  wird. 

2.  11)  Cn^idbodcn  A.  -  Iti  i  •leu  Jb'N'iUiinpii  anl  dcm  !^!‘;p})cl  f(lil  ■wuidcii 
Hollwiilcrstiimlsln'iwcilp  an  di'v  Vonb-iin'li^c  von  f'.OS]  mid  an  di-r  ITinli  iacbse 
von  0.0C4  pcinndi'M.  Am'  f/‘  iifliintctii .  pcco^tcn  nnd  i  !\mi  S  'i'.iop  nbm'laip.'rli'n 
Itodi'n  iH'lrugvii  sic  an  dw  VmdiT.U'li  n'  (i.bilb,  an  tb  r  II  ink  r.i!  li  ;i.'  0,0:17. 
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— —  Sthlupf  in  % 

Hilil  i.Ol.  —  <!iii;kriirt  in  /\lMiiiiij;i;.'k*'it  vniii  niif  Saiiillinilon  A.  (Stopp^]fi>Iil 

uiitl  gopiluKtnr  ZiL'IaiuI). 


0  ?0  20  JO  *0  00  60  70 

C:h'u,if  In  r. 


lliM  'J.d'.’.  —  TrirlikrMl'll>i  i\M  r<  ( I<rariyrlilii?'<l'i'i'v*  ri)  in  vnin  SnlilupC 

niif  tSniiitliOiifu  A,  (>'l(tpprlfrM  uii-!  ^i'|tllii^Irr 

In  Bilil  ‘2.01'siiul  (lii>  Zu<;ki;it'ti'  in  Al’luiniiijikiit  voin  Si'lilni)!'  (liU'^rstfUt. 
Die  Kni'vc  <l(‘r  M<’ssiiii^(  ii  mu'  ilnn  Stopin'it'rlii  Init  mu'h  im  Hi-ividi 
.SflilnijlVs  nnr  fiiun  vcihiiltnisniiissi"  lliiclini  Aiistii';;  uiul  l)io>U  hoi  otna  'lOyc 
Sel'.Uipf  /.ui‘  1  Iiiri/oiilahii  nl).  Auf  di’in  noi>llu;;ti'ii  Ihiiiin  div  Kurvo  micU 

hoi  Iiiiiii'i'cii  Sciiliiiif\Yoiti'ii  nor!*  an,  Dio  Mvsswoiio  l)oi<lor  VcinuoIio  sttvuori  nur 
wonij;. 

In  Bil<l  '2.02  aiinl  ilio  mis  tlm  /.ii:.;kiansclilii])|‘iiusNUi'.i;rn  ori'M'liiirton 
Triohluiii t-lii  i .vcrlliiii'M'ii  imr;;i-y.oii-linot.  Ini  untoi'i'ii  Ki 'nlnjiflioroioli  hi.s  oUva 
10  Sf  ilio  T’l  irlikriilt-Bi’iv.t  rio  otwa  ):loii  l:\voi  !i;';  nhoiliiilil  dii  sos  (I'r-.  nii- 


r>i6  — 


wcrtos  siml  die  dm  (;ei><lfij't(‘M  Samlet  periiifjtT.  Aiif  dein  StoppiUeUl  wio  arf 
dem  B<'ptlugtoii  lioden  wurden  mu-  vorhaUulsnirissig  kU-iiie  Vi-Mlikcaft-Bi  iwei-te 
crzielt. 

2.12)  Sandiger  Lehmbodea  B.  —  IHe  HoUwidcrstantlsheiwerte  lietruRoii 
nuf  dem  Stnppcifeld  an  dee  Voi-deraeli.-w  0,04Sj  nn  dee  11  iiiteraelisf-  0,044.  Aiif 
tjepfhujli  m  uiid  "»  Wtielu'ii  ah;.'ela^«-i  ti-ii  l>o«len  wmi'oti  sie  an  dcr  V<irderaeli.sc 
0,13  utid  an  d<-r  II  interaehse  0,1  IS. 

.ft  noo 


nii4  -’.ii.i. 


60  70 

—  ZiiKKriift  ia  .Mi!iiiiii;i"l;vil  voai  Sililiijil'  niif  .'iui>li;;eiri  l.i-fiai  U, 
(Slii|‘(n'iri-)il  uiol  ZuJtnail^. 


Die  Ki''el'niss('  dee  /^iigkial't.selduj»fines.'<iiii;;  .siiid  in  Uild  2,03  cinge- 
zeicliiiet.  I'er  /.uniiciisi,  veiluiltnisiniis.si<r  .sleiie  Anstiei;  dee  Knevo  ant'  Sloppil- 
f<l<l  nimint  mil  giiissee  werdendem  Setihi))!’  nb  nnd  nlila  rl  .sid)  obi  r'.ialh  von 
elwa  40 ',r  SeliUllti'  di-e  lloeizontalen ;  iin  Den-ieli  von  (iO  70 '^r  j^cMiiiif  denU-t 
sieli  ein  U'iehtee  Alil'all  an.  .\nf  tp  pfliiifUm  Dudeii  ^  (•^liint't  der  Aiisiir;'  dee 
Kui've  flailiee  nniV  nimint  init  sleii-endem  Seldupf  al).  Die  finite  <ler  ^.ft-s.'-weele 
liisst  iiiiv  li  im  Deieieh  selir  lioli'-n  Seldnpt’es  ;;eiii  Aidnegen  des  Kni  veiiverlanu 
eikciiin'Ti.  Hue  Slivnung  ist  vee!iiiliniMiiii--si-:  m-ring. 

In  Dild  2.04  siiul  die  Kueven/.iiiie  dee  T.ielikeai'idbiweete  eiiiv'et ea'.'en. 
Sie  erieiehen  auf  Sloi>iH'li’el<l  \relniilnisinri>-.',i,M  fiiin.stige  AVeete  uiid  .-liiid  nneli 
nnf  deiu  fiepiliigten  Dod-en  nielit  viel  kleinee. 

2.  13)  Sn.ndig-lonijer  Lehm  C.  —  Als  Kollnidei-sUmds'iiiweete  wueden 
anf  dein  Stoppd  jdil  an  dee  Voideiaeli.s--  (l.CliS  nnd  an  dee  1 ! iuteeaehse  O.Odd 
eniiitlelt.  Anl'  (jarhiiltim  Uoden  lieteui'en  die  UollwideistandslK-iweete  tineli 
infdiQV'  tier  liiilii'i-i’ii  I''enelili"Ueit  an  dee  Vuideeaelise  0,22S  nnd  an  ilce  llinter- 
nclise  0,138, 

Die  in  .\bliiinni;i!<eit  voni  Seldniif  i;ee.ie^^''nen  Zn;;!;riii'te  slreneii  nne  weiiij: 
(Hild  d.Oa'i.  Die  Kue\  e  des  Stopjielreldi's  sti  ijit  ula-e  <len  f:an/<  ii  S-ii'ni'il-ei-eieli 
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llilil  II.IM.  —  Triclikrafllv  ■.-A.-rl  (Krfift-  ir.  Aliliiii  ;.^J<  •it  \ -iin 

:v»f  iiiiiuii^oiu  11^  ’-ml  jti‘[>l)ut.'lrr  iCiislnu*!). 


Q  10  20  30  to  M  60  70 

Schlupl  If)  % 


ItiM  i  ll.').  —  Zii;;krnfl  in  Al'liiiii;;ii;kf il  vniii  Schliijif  niif  i-iiiiili);  toiiigciii  Lcliiil  C, 

iiiij  j'l'M-liiilli'r  Zui-liiiiJ). 

Jill,  jiiii  sliiikMtfii  im  lU'ivu-li  his  elwa  l-'t't  Sflilupl'.  Dio  Mi's,siin};on  luU'  ge- 
si'liiiitcm  UimIcii  niu.sstoii  aa  finor  iimliTon  Stollr?  dos  ploiclion  FoldstiicUs 
fiinmolit  wi’idoii.  liifoijrc  dos  liiiliorru  HolhviiKM’stjiiuh's  lioj'iniU  die  /ugkvnft- 
.sflihiiil'kurvo  (M'st  ht'i  otwn  -i'/f  Solilujif. 

Die  Dafsti’lliiii;;  dor  Triolikr.iflhi'iworlo  (Bild  2.hl3)  liis-st  die  !;iinsti};ou 
Worto  iiul’  Stiipiirlrold  uiul  don  hotraolilliolioii  I'ntorsoliird  jlor  iK'idcii  Kurvoii- 
vorliitifo  orkoimoii. 


Nclx-n  ilicson  hicr  ;iHffr<‘fShrtcii  Vcrsiichcn  wiinlon  Vorglcichs-  bz\r.  Kr^n- 
mtig>jvcrsuchc  mit  Koifon  gU-ioluT  mid  jiikIi-iit  (iicissc  sowic  mit  »»ntcrs<*M<-d- 
licbon  Railliistcn  gcinaclit.  Aiif  BiWliii  ohiu'  Stniktuiscliwclloii  bit  auf  Grmid 
zalilrciclipr  Vcrsuclie  zu  prujirtpii,  du**  der  Vfrlaiif  dcs  Tripbkiaftbciuvrtc-*  in 
AbhaiiRiKki-it  vom  Seliliiid  mit  in'lik-iligcndi-r  Cc'nauigkeit  mit  ciner  Expom-n- 
lialfunkliuii  dor  Form 

K  =  —  A  c -■  >•  * 


HIM  S.i'rt.  —  Trii-liVriittlioitti-rt  (KriiflM  lMii»lM’i»rrl)  in  At'liiiii>rii;l<' >•  vimi  Sililupr 
uuf  »BHili(jt«iii(;.’»i  1.1-11111  0,  uiul  (;>'s<-liulU’r  Zusliiii<I). 


\vii'd»’i'K<‘Koln‘ii  wi-rdon  kaiiii.  Alli-  Voi-sin-lu-  zi'i^tcii,  dass  dii-  HollviiU-i-Ntandc 
mil  Iwkoior  wi-rdonib-m  Hudon  aiisloigvn,  dio  Vortriibs’.ii'.ilto  iilii-i-  Kfi'iniri-r 
wcnlon,  woboi  alM-r  fiir  das  Aiismass  dicscr  \  i.-raiuli'i  niiijoii  Idslior  koino  (it-sotz- 
muasigkcit  aiigcgolu’ii  wcrdni  kajiii.  .\asii.iliiii('i)  sirid  nur  daiui  zu  i-nvarliii, 
woiiii  dio  ('olookvrlt’  JSoliiclil  iiii-lit  tii-f  ist  mid  dio  litihiisUillcn  in  dio  dariiiilor 
Iiogondc  fc.sic  BodoiiKoliiclit  cingroifi-ii. 

2.  14)  Moorbbden.  —  Al.s  Ib-ispii-l  fiir  rMidrii  mil  srlir  (n-riiigi'r  Traj;- 
faliigkoit  wm-di-ii  m-Iioii  liiilmr  Vi-Madm  auf  kail iviritcii  .Mooilx3dcn  diirclici'- 
fiihrt.  llicriioi  ist  dio  ri'ditigo  lloifriiaiiswald  mid  Holastmig  br.sondoiy  widitii'. 
lloifomuisruslmip  mid  .\oiislastou  waroii  lioi  diisrii  \  orsiiolii'ii : 

AchMa:9t 

Inutu'lruck  KJntefl  Vorn 

0,.S  ntii  S40  kp  .)'')a  kp 

(1,3  nlii  kp  kp 

1*  4  utu  laC'i  kp  jilt'  kp  ■  •  '  '■! 
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In  nlli'ii  t’lilU'ii  waron  <li**  VonliTiadcr  init  Moonerbioitoiung  aiisigo- 
rustct. 

Ahwoichcnd  vuii  tier  Darstflliinj!  dor  iiiidorcn  Ergobiiisse  1st  in  Bild  2.07 
dec  Zugkiaftboiwort  Z/B  in  Ahhangi-'koit  vain  Soldiipf  diugc-stellt.  Die  Borci- 
fnng  7-36  ergibt  imr  giringo  ZiigkiartiH  iwoitc.  Die  Km  vc  stcigt  bis  zu  ctwn 
'>0  Soldnpf  nil  nnd  fiillt  «l:iini  wilder  li'ielit  al).  Dor  Aiistieg  dor  Knwe  ist 
llneh.  Bci  dor  Verwondung  do.s  Inoiten-n  Hcifons  10-‘2S  iiiit  ciiioin  rtuf  0,4  atu 
abgosonkten  Iniioiulruek  wird  dio  ZngiTiliigkoit  iin  gaiizen  pcinos-scnoji  Bcrcich 
crhoblicli  vorl)o.'isi'rt.  Diuvli  dio  Vonviiiduiig  voii  Zwilliiipsroifcn  wild  die 


mill  2.07.  —  ZujiklJifdn'hverl  X/Xi  in  ,\bli:iii>;i);kiMt  vmii  .'Siiilii)>f  ;uif  llmlimuDr, 
gi'Ki’liiillc  StuinK'l,  ln'i  i{nilsi‘lile|>|i<>rn  Init  verinlueileiiur  ]|iutfriiili>lii‘rcifuMg. 


Zupriilvigkeit  weiu-r  Ih'triiolUlieli  oiluliit.  Im  Beieieli  l)is  etwa  20  Sehlupl' 
isi  dor  Aiistiog  dor  Kiirvc  vorhilltnisuiiissig  suil;  or  wild  itneli  I’oborMfliiviU n 
dio.so.s  Wortos  llaelior  nnd  wrist  oin  .MaNiiuiim  boi  etwa  4-")  Sehlupf  aiiF. 
bogi'nulji’v  dor  lioroifniig  7-3G  v»-riHs.-.i  rim  sioli  ilnroli  dm  I’l'ii'm  10-2S  nnd 
die  Zwillin;;.srriiVn  <lir  inaxinialon  Zup'araitl.’eiwoi  lo  nni  GO  tnid  >'.1  Tf.  ^Voi^rI■c 
Jliiplii'likciton  znr  Vrtlvssonnig  <Ur  Zupkiiil'tc  .sind  \'m  Book*  b, sohriobon 
mid  nntorsuolit  wuislni. 

2. 2)  SterniJcldruck-  and  Scbcrveraiiche. 

2.21)  Stcmpeldrudiversucli!?.  —  .Mil  dmi  Su  injn-Ulnu-kpriiit  wurdm  uuf 
don  gloiolion  Bodon,  anf  drum  di'-  l-'idirvrisii.  lio  gmiaolit  warm,  ilio  Knifte 
initor  Stoinpoln  in  AbliiingigUrit  vini  dor  I'/nidriiipl iol’o  gomossen. 

2.211)  Sinulliij'lin  .1.  -  In  Bild  2.08  a-o  sind  dio  I'A'pi  baissi'  von  Stoiiii>ol- 
ih'iickvorsnolion  anf  Sfni/pi  Ifrhl  nnd  in  //i /i/Viii/^!  la  Z'.'siand  mil  vorsoliiodonon 
8ionipoldnroliini's.'-,ot'n  antgotragoii.  Dio  l)iUok\crl,iub:  oigrbon  iin  doii|iollfjga- 
litliini.solion  Not/,  anpoiiiiln'rl  Boradon  nnd  ontsinoolioii  soinit  dor  Fonnol  von 
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Stemr^U^'Timur 


BiM  —  tt  i')  Kliirlicnpro.*'»unix  uiitef  SuMnin'In  vi»f'‘rhio*t<*ni.’n 

in  A!*Iiiiiiciukvit  voji  »li*r  yiip.liin^ilu'fc  nuf  *lfai  Samll'O  Icn  A,  Sioj  pi  llVM  uinl 
/u>taiiil.  'i)  KIa<'kc*n{»r«‘>>u»;'vn  I'ci  Kiinlri»j;iii*tp  vi*ii  l\r»  oin  ii.nl 

Ncijiunji  <lcr  Kiiiilrin;ik'.irv<ii  lun  o  in  AMiun^i^kpit  voin  SI n:*ipcMijr»:liinCJ<?‘Ct. 


(iorjiitsclikin  p  —  k  /",  Ivs  Iritcii  iK-tnii-litlii-lic  Si iciimrji'ii  jaif,  tlie  auf  (ifii 
.St()])pi>]t’»'l<l  voii  >  wiv  z.D.  S.-l.lr)-in-i.i]iiiri'?i  luM  i  ii’ar,  n  koain'ii. 

Die  iTl'fpnlorliclu'ii  l''Ui('lu’npr«ss!m>rfn  .siml  auf  di-m  SId] ■prll.'M  in  j^oviiij.i'U 
Kimli’infttU'foii  I'lln-'lilio!;  liiilicr  nls  aiil'  tk'in  ilix-li  iiiil.iTn  sich 

(lie  bciilfii  KiU'ccnstrciirt'Idcr  ciiiiiinlrr  im  U(  iTirli  von  ^(va  18  cm  'rii'i'c,  d.li. 
bci  Aiinillii’riiiin  mi  ilii'  Ibnn  b-ciimijr-.-irfiizc. 

Ill  UiKl  2.08  <1  .siml  in  Aliliiiinzi^kcil  vnin  SU'mpcIiliMclmii's.sci'  tlic  Fliiclicn- 
]>i'i  ssuii;:cii  iiiilVcti'aj;c!i,  die  crt’mdci  licli  .';iiid.  um  die  vcisi  liicdciii-ii  Sli-iiipel 
bi.M  zu  eiiier  Tiefe  (on  2,;")  cm  in  dcii  Ibub-n  liim  inzudriicV.i'ii.  IIj-.-.m'  Fliiclii'ii-. 
pre.ssuii.eeii  iicltnicii  iiiit  ziinelimciidcni  S!ciii|>i'liliirclin!c.'>ci‘  iuit'  (b'lii  Stonpel- 
feld  pi  rinfS'iif.Mf'  iib.  (ilcieli/citip  j>t  d<T  KsjmiH'iil  n  -  Ian  <«  dm-  ( iloif  lumpen 
dec  ]-iiiidriield(iiiven.  d.li.  die  A'eigunp  dor  Kurveii  in  di>))i'('!luiXiiriMmiiseliein 
Netz  aurpetiapeii.  Dieser  Wert  i.st  aul'  deni  Stoppelfeld  crliehlieb  I'.leiiier  ais 
mu'  dem  pepflupten  Bodeii. 


&x(riv‘f^  Sh^^iiAntimssr 


HilJ  —  a-c)  H'ai  lii'ii|irrvMin^  iiiili'r  •^Irniiii'lii  v<T<rlilciU‘ncri  Hiiri’liiiic.'si'rs  ■ 

ill  Aliliiiii^i^KtMt  vuM  ‘Icr  l-rni'i i«'l'c  aiif  'U-iii 

fclil  iilnl  <l)  Im-i  riiier  I'.i  ml  riii);l  iofe  vuii 

•J,5  i-Mii  uii'l  Ncii^iinj;  iIlt  Kimliinnkutvm  tan  a  in  Alibiiti(;ii;Ki-it  vnm  .Stoinl>vl- 

ilutchni<?:-s«r. 


2.212)  Stiniliijrr  !,( InnluxU  n  It.  -  lit  Uiltl  2.0!)  a-f  siiiil  die  von 

Stem  poll!  lUfUvfi-suflicn  luif  SloppcllVld  nml  auf  I'twa  5  Wik-Ikh 

iilij'i'sct/.tcii  lliblvn  Auf  dnn  Slfipjx  Ifi  hi  l:ts.sfn  sit-li  die  Kin¬ 

di  ucUiiii(i>»kiiivin  tvifdi-r  ivcht  "Ut  dniTli  dir  Fonml  von  ) Jorjatselikin  tlar- 
stelifii.  Aiif  t/f/j/7 /((//( 1)1  Doden  tliipmeii  i-r};ah  sivli  ein  vdlli};  ahweiclK-ndrs 
Vci'Iialtvii.  Dio  I’lliijitii'lV  Indrui;  i-nva  IS  oin.  Das  I’llfirrn  U-driiti't  oinv  t  rlu'b- 
liclif  Aiilloi-kiTUiifi  imd  diiniif  vino  Stortiii};  dvr  iiatQrlivlu'n  laii'vruni’.-diiditv. 
liifolKvdvssvn  drinvvn  tliv  SU'iiipvl  /.uii:ivli.>t  svlimi  hoi  rvlativ  iiiidrivi-n  lbav)<rn 
in  ill'll  Hodvn  vin.  dv  livfvr  sic  komim-n,  uinso  invlir  wirkl  siclt  dvr  ICinduss  dvr 
Hi'iirlivituiiirsjirviizv,  d.lt.  tivs  nivht  iiivlir  aiir^'vlovkvrlvn  rntvri^nmdvs  ;ni;i,  niul 
(liv  Fliivlivnprvssunjjjvn  stvitron  sivil  an.  In  Ililti  2.0!1  d  s'nid  die  orfordvrlivlu'it 
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FlacIicnpn'Hsun}^‘ii  fur  rino  Kiiuliiickticfc  \oii  2,5  cm  sowic  die  Nciguiig  tier 
Kuncti  Jiuf  StopiH'llVkl  jiiigcpc!)cn. 

Auf  tlcm  gcpflfiKton  Boden  wiiidcn  iu'Ik’H  dcii  Diiu-kvci'snclicn  mit  Stem- 
pt-ln  von  100  uiid  200  nini  O  solclio  init  llidilcckstcmpclii  gloiclicr  Kliiclicn- 
gi-ossc  durcligcfiilu’t,  Bild  2.10.  Die  ciforderlielieii  Dliic  lienpicssmigoti  siiid  1)is 
zu  Eiiidi-uektiefen  voii  6  eni  uiitev  dm  kleinen  Slc  iiipclii  giiisser  ids  iintcr  dcii 
gi-osst'u  nnd  Older  don  Hwldcckstenipeln  gro.s.ser  ids  unter  don  lundcn. 


e-ndhngiitli 

lUM  J.ln.  —  VlScIioiij>rt~v.Miiiy  iiiilor  runiK-n  (iml  riH-Iilcckiyeii  .‘■trinjielii  vitncIiio- 
iltMier  Griis:*©  in  AMiiiii^iUki'il  von  <Ut  Kinilriiii;lii-fi'  mu'  sniiili;;vm  lA'liirlioilcn 

t'eiillimtor  jCii.-'lftin). 

2.  2l;i)  iyundiij  tiiifiijer  I.cUmbmUn  C.  -  In  Kild  2.11  .siml  die  Slempeldi  '.u’k- 
kurveii  vei-scliiedeneii  rundor  und  iroldeekioer  .Steinpel  nut'  >>toinicJfdd  in 
Aldiiiiioigkeit  von  dor  Kindriiigtiefo  diiroestellt.  l)id>ei  zeigen  die  Bildor  2.1la-c 
ilie  St’.-eukioiteii  dor  eiiizeliicn  Ver.suolio,  Bild  2.11  d  don  Vorliiuf  dor  Miltol- 
weitkurven  dor  voi’soliivslei'on  Steinpel.  Auoli  liier  weielion  dio  Kuivcii .erliiutc 
erloMioh  von  dem  imeli  dor  (Joi  jatsehkin’selien  k'ni  invl  /.a  ei  wiirtoiiden  Voikinf 
id).  Zuniioli.st  niiuiid  die  .Xeiemig  dor  Kurve  his  z.u  oilier  Tiel'e  von  nind  10  cm 
inelir  imd  mclir  id)  und  niilieil  sieh  fiist  l  iiier  lUniz.iinlideii.  Dium  hi  oinnt  .sic 
jd)er  wieder  iinziistcigeii  nnd  winl  vei  liiiltiiisiniissig  gross. 

Als  (iruiid  tiir  dieses  Vorliidteii  knnn  l'ol;ieiides  iuigeiioininen  ^verlleM  ;  diis 
steilc  Ansteigeii  der  Kirudieiipre.s.sung  in  gisis-seren  Tieton  ids  10  cm  ist  auf  die 
Anniilioiung  dc.s  Stcnii)els  nn  ilie  Uciirbeitiingsprcnze  mit  einein  rolativ  liiirteron 
L'litorgruiid  zuidick/.urfdnoJi.  Das  Kliichonverden  zwisdien  2  und  8  cm  Tiefc 
ist  verinutlicli  diidurcli  zu  erkliiren,  diiss  unter  einer  diinuen  iihgctrockonotcn 
Scldolit  an  ili-r  Dhcrlliiche  eiiio  leiolitor  vert'ornihiire  Schiclit  hiilmien  Wiisscr- 
goliidtes  lag.  In  Uild  2.11  d  .sind  die  Mittchverto  hoi  v  cr.scliicdeiun  Htempclid)- 
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I!!W  2  .12,  *  -  K!ii.'*hrMpre‘‘sitii^  iinlrr  J^ti*m|icln  in  von  dor  Ki»ulria;4- 

tirfe.  ft)  A\»f  ileiii  .<niu|i-d»m!^rn  I.»*1iiii1mm1oii  {\  uo^cliiiltor  Zustfiiitl.  b)  Aat  dom 
r-niidi^oii  I^i'liin  i4o}dlu;;tor  /u>land. 
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nipssmini'ii  oinniuK'i-  y^-<'cniihi’rK<'sti'llt.  !)u*  St»  iiipcl  init  kli'iiu-i-ciii  Durchincsser 
konncii  wicdoruia  lailw'n'  l-'liitlu-npi-csstitip'ii  iiiifiu  luiuii  nls  die  •'rasseren,  die 
mdit(‘cki<ji‘n  Stempvl  liolune  als  die  niiideii.  Aiif  Criuul  des  KiiiHusst's  dor 
Kohiision  ist  das  inif  diesom  Bodiu  aiicli  zit  eiAvarten. 

Aiif  etwa  S-10  ciu  tief  fri  sehiiltein  Bodeii  zed^t  dor  irurvonvoilnuf  deutlioh 
oiii  Aiisteiiioii  dor  Kliiclictipressiiiigen  bei  Amiiilieniiif;  an  die  Sehrdtioic 


Hilt!  J.l.T.  —  vimi  /'N'ri  ^’oo^^MHU‘u  in 

V4;rsciiK’<K*ucn  'rivfcn. 

(Hild  2.12  ii).  Aiisei\lit-.siiid  bloilR-'i  die  Weil..'  aiit  grils.ser  ueideudei-  Tien* 
aiiiiiiluTiid  kniistaiit  und  .sUi;:eii  erst  liei  Anniilierung  a.i  die  ui.spiiiiedieiie 
B<‘iU‘beitiuigsi;reiize  wieder  an. 

2.214)  Muorbodill.  •  Aui’  deii  unlersueliteii  In  liielel  .sleb  eiae 

gilt  eiitwiekelle  (irasnailie  iiiit  'S-IO  ein  tief  reielietider,!  urzel wei k,  das  die 
MoDriiberllaelio  eilu-blieli  verfestigt.  l>er  W;;s.-,i-r'4ilialt  des  'I'oefes  iiinimt  iiMt 
/.lltii'luilelldcr  Tii'le  ZU;  etlfspreelleiul  aililiut  die  b  lie^■^U'st  Igl^eit  des  liodens  ;d> 

(Bild  2.1:?).  In  20-50  em  Tiefe  eiivielit  der  \Va>-.eieeliall  .'inen  Wert  vu". 
S7-!)0 '^c.  Ik  r  li'rutul\vii.s,scv.s,)iegel  lag  inlulei'  l-ueisl ! k  lier  N  oie!iie.;is.;eii!i'g 
duroh  (iriibeii  in  einer  Tiefe  von  etwa  7.5  ein.  Ant  liiui’d  dv-r  Abnaliiiie  'Ur 
KliessCesligla.'it  niit  der  Tiefe  war  bei  dt'U  nrueiisiein jiel\ ervueVa'ii  ein  von  .di- 
nei'all>dden  vtillig  vei'.seliiedinies  Verliall»'ii  zn  i-r''varten.  5'ii'uen  der  eerieux-n 


Ti'ii^cfiilntiki'it  <l»‘s  Bodi'Hs  kdiiiitrii  iiuch  niit  l)»iTknu'ss<>ni  v<m  300 

iind  400  nun  vorwoiuli't  \viT<lon. 

l)ii‘  Hililcr  2.14  uiul  2. 1.")  olu-n  zoi{{«'n  Diai'mimiio,  di«*  mit  dcni  Stcimn'l- 
dnu‘kf{(Miit  nuf  diMi  O  uiul  K  an  dcr  OlH-rtlaohe  anftjfnoniiuon 

wui'ili'n.  Dio  oin/olnoii  Mi-ssiiii«;cn  >'n*non  iiifulKO  do.s  Kiin'iussi's  dor  vormir- 
zoltoii  OiasnjulM'  iMtiiioIvtlifli.  Hoiin  KindiTiokoii  dos  Stoiiijwls  in  dtui  Rotlon 


I*.iM  -.14.  uiitor  vor^.-lii^  .Udd'H  :»uf 

tk’iu  MDorluMlDu  P  Id  it  v«»n  «l,  r  Kni«i  f.ri  .!•  r  auf 

«U‘r  rasij(\rl»e  uu'l  in  vers*  l»ir.U'r.on  'i’uMrn  A  ii.s;:  iP rvu. 


ilii*  b'liiclH-npivssuH,"  xuiiiidisi  im  UiMviili  <Ur 
Voiroi'iiUiM;'  tlor  < i "ji.-'ikh'Ih*  nad  <l'^  Mikcos  Iasi  liurar  an.  Mit  zurioiiiacmlor 
plaatis-dioi'  \'oi'l\iriiU!ii!^  'vvii-d  ilir  Aiislio;;  lia^  aor.  1  )v  r  Jhivak  oi  roiolit  oin 
MaNiiiiUlu,  Iirl  do?ii  dio  v.  l”.vuiv<  I'.o  ( Irasjiar;;.'  fr.;i  i  !it:o.'a-!i  -i  t  u  l;  d.  .\n--oli’it'S- 
si'iul  fiillt  or  iiii-rkliolt  at)  mid  iil*  iii!  dann  nalio/.n  kMit.:taiu.  D<-im  S.toaijiol  voii 
liOt)  mill  D  i.sl  das  Maxiiiinm  iiiolit  sd  sSaik  .■•.usiit  iua^t. 


Naoli  doin  .Aiisholn'ii  ontsiin  oliond  tiofor  uiid 


■SI)  iiiisiroiU' 


'.ntor  tlvut)!'!!.  da.s.s 


Kaiidi'inlUisvo  niolit  zu  orwai'.on  w.irou.  v,  udoii  dio  \' 


I'l  sa;  :io  in 


10. 


iind 


40  .’lii  Aus;^.innstiol'o  \oii'dori)i)lt  tllild  2.14,  2.1.'i).  Da’ioi 
»iiir  lui'di  die  Mitlolworto  ::'if  ji-\voils  vior  3[t  <sii!i;,o!i  \vi<.i 
ilii  .-:'  !!  \a'r.suolion  sloiot  zu;i;i>-iisf  dor  Driuk  ini  ii’  .  rwio-.  r 


h  i  15i!d  2.1a 


1  > 


■on,  Aaoli  lioi 


.'.ii^ohir;  lion' 


ioh 


nil.  dor  Vorlaiii'  wiril  daiiii  alliiialiiioii  ilaolu-r  and  ‘ior  Drack  bk  i',;:  aii.-.oidi>  ssond 


koiisl;int  bzw.  iiiiiunt  ii'iS  /.iiiii'liutfiulin-  KimU-hintu-fc  gvriiigt'ugig 
wiitliT  lib.  -Mit  ziiiH'biiifiuIiT  Ansjjjmf'Siiioro  wiinl .  ii  Im'i  ulli'ii  Stpiiipolgrosscii 
{'oriiigi'n?  Finolu'iiiin-ssuii<i;i“ii  griiu's-scii.  Diibci  w.ir  tier  I'litoi'sclupd  /.wischoii 
lion  Kri:obnis.sf‘ii  mi  <b-i'  OlH-rliru-lip  iiiul  in  10  t-m  A".sg;ingstiefc  bcsoiidci-a 
giuss.  Fi’rnor  wiiitlo  init  ziiiu-linu-tnifr  Aiisuniijistiofi'  dcr  ICiiidiuckwog  bis 
ziini  Maxinuun  bzw.  bis  ziini  Abbii-^i'ii  dpi-  Kiii  vcii  in  die  llorizniituU*  klciiipr. 
Ki-  war  ill  albii  .\iisj;aii‘;sli«fcn  umso  Krikscr,  jr  gnlssfr  dt-r  Stiiiippldiiicli- 
nM*sfa  r  war. 


0  IS  20  JO  cm  ‘fO 

Au^igungstiefe 


Mild  ..Irt.  —  Vbirli<  tmti  V);i«du‘iiprt‘:<.*in)*it*n  luirli  10  cm 

Kiiidriiekt  iofo  nuf  li  in  %  on  »lcf  icCe  bei 

\  <T>rliicd«*ut*n  Sh*inj»i*l»liiri*linu»'‘M*rn. 

In  Hi’.d  -.1(i  sind  'lii-  nKKiMiab-n  l''liiclu-ii]U'rs.siii;;;tii  sDwio  dio  b’liioliPii- 
in-p.-siiii^ipii  in  pinor  HiiidriUkii'-tV  von  10  pin  in  .Aldiiiirjriijrkpit  von  der 
.\iis;;;in^sriPiV  ;nif  doin  .Moorlavi.-n  P  pi:i;riti;i”pn.  Dabei  zpi;;t  sicli  doi'  riossp 
Kiiillnss  dpi’  ( Irasinnbpii  bpsond-  rs  untpr  <]pin  100  nnii  0  -  Stc'inin'l  ninl  diis 
.\bsinkpn  doi'  prrpipbtpii  I’’lji>’lip:ipiPssiMii::pn  mil  /.unpluiioiul'T  Au>:;iKi:,stiol’o. 
!Miim  knnn  dip  jpwpili;;p  I'liiplp  npi’pssimi'  pn,  boi  dpi'  dip  Tra'^fiilii.iikpit  dps 
Ilodoiis  pi'spliijpit  isl,  aiiftpilpii  in  piio’ii  Uoli;isi\Pii  .\ntpil  :  r,  wobpi  r  dor 
lladius  dcr  Slpiiipplplntlc  isl,  iind  oiiipii  \on  dpii  .MmiPssninjPii  dor  SlPinpcl- 
l>lallp  liMid)b;iii>;i;4Pn  .Vlltoil  Pk. 

1*11  ""  - -  +  Pk 

r 

l)amit  liis-sl  sipli  iiupIi  <lip  voraiissipliiriclu!  Klitpiunpips-aiiij',  bd  dpi'  (.lip 
Tia"l;iliif:ki‘it  iinlpp  ucbi’^spivii  ''lapliPii  prspb.ii]d't  i^t,  licipclinpu. 

In  Ibid  "2.17  a  luid  b  sind  ibr  dip  .Momlil'idpii  1)  \ind  bi  dip  ^'piiu'.sspnoii 
iind  cbpiiso  die  mis  oliiKir  i'’i>rnii’l  pvrcplinplpii  l''l;ipbpiipi'p.'SUii>;pn  iilipi'  deni 


fl 


—  n2?>  — 

hor»in);iv.oj;i,'ii  wi'i-vlvn.  UiM  2.!8  zci^t  ilii‘  i)la:.  ’sfho  Vi'rfoninmg  oiiios  MinerAl- 
lx)(U'n»  uiiti-r  eiiu-ni  Dnirksri  nipfl.  DjiIhm  ist  die  Vi-itlichtiini;  und  das  Flicsson 
dureh  cin  voibir  ci»(j<‘l)nu-ht(‘s  Ciuonflz  aus  vtrlikiilon  <tipsstranprpn  und 
liorizoutnIcM  Kiilkscliiciili'ii  siditbar  at.  Ans  dii’sou  sowie  zahlreiehen 

1’iu‘iilli'lvcrsuclu'ii  lienor,  dass  die.  Zone  cro^wten  plastLselien  Flii-ssens 

ill  eiiicr  Tiel'o  von  0.'>  bi.s  0,.''  des'  SUMiiiicldiiielinicsscM-s  b/.vv.  Ix-i  Reebtcekflaelien 
von  O.C  bis  0,!(  der  IJivite  di-r  Bebisiiiiiiislliiche  luiti-r  ilir  liejrt-  Filter  dor 
^'u|■aUss<'tzullJ{,  das.s  die  Verhiiltiiisse  U'i  oi'(;anisebeii  I’bden  alinlirli  sind,  lie^ 


Ililil  J.IM.  —  l'lll^l e>L.'  Vi-rfi-riiiui’;;  I’nif:*  Miinrall'.Hli’iir*  uiilrr  i-inom 


di«’  Zone  irroMstcii  pbisl i-i  l'.i-n  b'liesseiis  .-Imi  iinier  eim  in  l>i 'leVstediiiel  von 
100  Him  U  noeb  iai  Uen  i'-li  der  ‘Jrasiiariie  iiiit  iiiiluTi'i'  Fe:  li^^keit  mai  bri 
oiiieni  1  )ruc*l;stem|>el  von  ann  iiniiiiitellKir  uiiU  r  iler  (Jraseariv.-.  lii  i  I'iiieni 
Diircliiiiesser  von  dO  cm  die  Zeno  des  i^riissteii  pheli,- >  e.eii  Tlii’-s— .ms 

bereils  in  eiiior  Tiel'e  von  -n-.'jO  oiii. 

l)io  Sti'iniu'ldirifbvee.oi-.lie  /.eir.en,  d;;ss  die  Tr,i^l';ihi;.rhi  )’  ic.-'i  Me  iil'odeiis 
ir.icli  reher.selii  '-iti'ii  de.s  Ma.\imahvcrli  s  liei  einer  be..l iaiiiilrii  '■^;i  driii-iiefo 
wiedci'  alisinkt.  Ini  < I'eiiens:'.!/: /ii  den  .Miiieialhiidi  n,  bei  denrn  niil  zuic.  bmeiiiler 
lOiiuii  ii<'ktiet'e  die  l-’kieb'-it;'!-  ;smi!;en  inmier  cir.\ lodisen.  eiyilit  '^’’ek  ji'mi  hsM 
Mooilaideii  dlircli  lias  Ali -r'li  n'li  der  < Ira.Miarbe  eine  1  lerabselzmi;,:  del-  Tr.ej- 
l'iibi;;keil,  die  sieb  e^•|■■^bl  lieii  answirkeii  laiiiii.  i’iir  die  !)imeii>ieiii'-i  iiiie  von 
Ri'il'eii  odor  ( Ilei'-ketten  ziim  (b  rabien  von  Mooi  bruleu  darf  man  i].d:er  iiielit  ^on 
den  an  der  Hodenolu'i  lliicbe  "eiiie.s.s,  nen  Wei  t'-ji  an.s:;eii‘-n,  da  Iv.-si'nders  Ih^i 
liebei'tiaiMiii;,'  von  Scluildniii’ten  dun  b  (ili  i-keitcn  oder  lleiri  n  ie.uner  mil 
eiiu'i'  Zer.sii'ii  ni’.fi  der  ( I'ra'-narbe  cevoelmcl  \vei  diu  iinisi.  ?.!an  ei'i>s  \  ieIr'.oiir 
von  den  Wel  len  ail.^ei  In  n,  die  das  Moor  imterbaln  der  (Irasnaitv  tia'jen  Vaiui. 


2.22)  Schervenmcha,  —  ruralli-I  zii  «l«-n  Ki*‘iniMl<lnu‘kvonsnrlien  wunlcii 
zii  jiK'ifhor  Zi'it  S<hi'rv«*fsiH*ln'  aiif  voi-st-huKlcnoii  HmU-ii  dun-ligofulirt. 

2.2*21)  SiindlunUn  .1.  -  Ok*  Krvi-hiiis.'ic  tier  Selierversiiclio  aiif  Stoppelfrid 
siiid  ill  Bild  2.19  a  mid  l>  iiihI  atif  ilinistdlien  iioilen  iiii  yi  Zustaiid  in 

Bild  2.19  e  uiid  d  wiedi  r"ej'e1ien.  IhilitM  sind  in  Bild  2.19  n  mid  e  dor  Spliiib- 
sp.'iiiiimijisveilimr  ill  Aliliniijii.tlkt'it  nun  Seller-  innl  (Jloitvn*;  mid  in  Bild 


0  10  iV  C1\  X  Q  U2  Oi  C.5  ad  to 

Scf^ir-  ifniC'  Vfg  f^rrnolspnnnj/yg  <T  Vp/m* 


Hil>l  2.19.  —  ».•")  .'<cliiili>i>!innuiiu>vrrt»iif  in  .VMiiitiyiijkcit  voni  Sclirr-  iiinl 
(ilriiHc;'.  I>,  <1)  Si-litT-  li/w.  l!lciNii:*m»iin;^oti  in  .\10p:inu'}?'<e'l  von  >ler  Xiirinal- 
si>utiiniii;;  niif  <loiii  .''luiilliinlcii  iiimI  i;e|>lliij;lcr  Ziislninl. 


*2.1!)  Ii  und  d  ilio  Sdu-r-  ii/.w.  (i|eits]i;>iuimi|.'i'ii  in  .M)liiiiini^;l;i  it  voii  tier  Norniiil- 
spjimiuii!;  iiufRL'tin^i  ii. 

Uer  .'';Midl)ude:i  A  zei^^t  .soivniil  :ds  .Siiippelfeld  w ie  .'ils  I'l'pllii^ler  Bodeii 
keine  Koliiisioii  mtd  niieh  keine  \ve.>eni!:(  lt>ii  rntPiM-liiedc  iiii  Scliiilivoiliuif 
fdn-r  deiu  Seller-  mid  Cleitweg. 


2.222)  S<iiuliifi  r  LihmlnnltH  li.  -  Idi'  Me.-iMT'ir’hliis'.'.*  ;illl  SlniyuiffJd  .siiid 
ill  Bild  2.20  II  mid  Ii  und  ini  i/i /</7i»,'/^  ?:  Zll^t.!^..^  in  Bilil  2.20  e  mid  d  dnrue- 
;stellt.  Diilh’i  sind  wieder  in  a  und  e  der  .S-liiiVi.'p;n>niin”.s\  ei  laiir  in  .Miliiin- 
i;i;.:kiil  vniu  .Seller-  mnl  (:leitwe(r  und  in  li  inul  d  die  .Seher-  Iiz.iv.  (Jleilspiin- 
mmj'eii  ill  .\i)li:in!:i;;keit  vmi  der  N•>^nl^.IsJ^nnMnn”  aiil'not iM.Teii. 

.\!.;  Slopjiell'eld  liat  de»'  Bodeii  eilie  Kiiliiisinn  in  der  < ii''-;-.i'iierdnmi;'  von 
etwa  0.1  kp/eiif'.  Dir  ixeiUniiiislieiwei:!-  hei  S*o]>]ii-l  und  ” 'pliil'Mein  I’.oden 
miter.selieii'icii  .sieh  iiielit  viel.  Der  wi-o  n'.lk'he  I’liP.  i'.'-eliied  ist  \  ii  liiirlir,  dass 
iiii  diehtneliiueiten  ZiK'uind  die  imi.Nim  i’r  Sj'.-  i.r.ini';  ;.l•l'llH  kei  selir  Ideinem 


Selu'nvr''  ion  2,.'i-d  eni  erreielit  ist,  ant  dim  )o: 


I'ej'ili!  di  11  ii'.sleii  dave-  cii 


0 


9  20  m  30  I  02  Oi  as  Hi  iO 

S(ftr-undGie>it*eg  NcmolsponnungC  Votin' 

liild  2.20.  —  H^^ub^pnnuiiiiKSVcrlftuf  in  AMnin^^ij^kelt  vnni  Seller*  im«l 

Glcitwri;.  b,  J)  Schcr*  b4%c,  C*)eit>|>Atiniiiiucn  in  Al>li;ii»>:i^keit  von  iler  Xornial* 
^paimuti^  ftuf  Ocm  Lrhtnbotlen  Stoppolfe)<t  nn*!  ^epHiigtor  Zii.'-tantt. 


r?ilO  2.21.  “  •»^)  Sehiib.sj»niiminj»sverlnuf  in  Abhiiti^i^keit  voni  Sclur*  nnil 
Uloitwo^;.  b|<l)  H<*hcr'  !»/:«'.  (ileit>|»iiiiininj;cn  in  Al»lnin^iKl'^'it  voii  <lcr  Normal- 
Mpanniin);  Huf  defn  Hun<li;;|nni^eii  f ifliiiilMidoit  ShippelfeM  uinl  ^'i'.'«r)i(iltcr 

Ziml  Ainl. 


die  niiiximiilc  HoiljiingNNp/rnnunjf  erst  iiarli  eiiioni  rehitiv  grosson  Verfor- 
muitgr.weg  cneieht  wild. 

2.223)  Saiuluj-touiijo-  Lrhmhoihn  -  Diesor  Hodi'n  lint  nls  Stojiiielfci/i 
ei'lu'hlielic  Koliii.sionswerte  -  -I  ••  >iJ>fli  dcni  Sclialen  ver- 

.'whwnnden  sind  (Hild  2.2!  o  uiid  «l).  Miils<‘lieideiid  isl  idier  wiodcr,  dnss  mif  doin 


ichtfundOitih>fg  f^insiiporuMjnj  IT 


Hill!  2.22.  —  Pcll\lI)^p^llu^un^;^‘vcrln^lf  in  Al>IiriP!;i;;kt'it  vi’in  .s*'.’Iu’r-  iin.!  l.il<itw»(j 
aiif  ^tuyrl>o<ivii  I).  Hoher*  uii*l  in  vun  iler 

N<irinnI^i>Kniiiini;. 

nbgr.setzleu  feslrn  StoiipellVId  die  iiiaxiui.de  SelK'is]>iiiinung  leliitiv  .<<r!mell 
orreiclil  i.sf,  wiilireiid  l)ei  dem  go.seliiilten  eiii  gro.sser  Vcrforiiiungsweg 

benotigt  wird,  die  der  iniiximide  lleibungsls  iwert  /i  -  tg  p  erreidit  wild. 

2.224)  Moiiihoih  n  D.  ■  Die  .Vberfe.sligkeil  nn  der  Obcriiiidie  wild  in  stuikeiu 
^[(is.se  diirdi  d;i.s  Wiirzelwerk  der  (irasiiiiriK'  diild  2.22  ii-d)  l)oeiiiiius.st.  Die 
iini.xiiimie  SelieispaiiUMiig  wird  inieli  eiiiein  griisseren  Seller-  uiid  <ilcitweg 
erreidit  nl.s  bei  iliiieiidlsiden  in  fester  Dagerimg.  ^Yiillrend  <m  der  DberlUiebe 
niid  ill  10  ein  Aiisgniigstiefe  die  Seller-  iinil  (deitspiiiiiuiiigeii  (“twii  pisipurlional 
d<-n»  Normiildriiek  iinsteigeii,  ist  dies  bei  30  cm  Ansgang.stiefe  iiielit  ir.elir  der 


—  .):«  — 


-  Vergleich  der  M€ssergebtm8e 

Auf  di’ii  divi  MiiuTiillKulcn  A,  U,  <’  woiiU'ii  ilk*  Ki'^vl'iiisso  dor  Rollwkler- 
staiids-  uikI  Zuckiaftnicssuii^'cii  mit  ilciu-ii  dor  Stomiiddriuk-  uiid  Sehorvor- 
suchc  Yoi};lioli(')i.  Kin  ontsiiioscliondor  Wrgloich  iiuf  don  ilooilxidcn  ist  iiur 
in  dor  Toiidonz  mri'^'ioh,  da  dio  friilicivu  Znfrki-jil’lmossnnoon  anf  oineni  mit 
Sclioi!)ono‘;‘;o  "osolirdtin  StDpjioiroId,  dio  Slomju-ldi-uok-  uiitl  Sohorvor.siiehc 
dagogon  auf  tlraslaml  slattfaiidoii. 

;J.  1)  Rollwiderstnndsmessungen  und  Stempeldruckversuche. 

Auf  dom  ccpfliiotin  Sand  A  war  dor  Hollwidoi^tamlsbciwcit  dor  VorJor- 
iioliso  um  20^1  imd  d»  r  di  r  llintoraoliso  iini  aO  giossor  al.i  auf  dom  Slopfud- 
fold.  Diosor  I’litoi-M-hiod  liisst  sioli  nns  dor  DilYoronz  dor  l‘'lachonpio.s.sun<*en 
tondon/.iiiiissi}'  aiior  luvii  iiiolit  ijuantitativ  oikliiron  (T«d)ollo  2). 


T.U1KI.I.K  2. 

KoUwldiriUndl-  Onick  bid  2.S  cm 


bclwcrt 

K  % 

e 

04411 

Vord«r- 

KllM 

BUutct- 

100  0*  200  a 
kp.'cm'  kp/cm’ 

(30  % 
Scblapf) 

kp/cm’ 

tAA  p 

Stumlliod.-n  A 

StlHljM‘1 

0.081 

o.not 

0,T  0,3 

40,7 

0  0,4 

0,75 

goi'lliigl 

0,0'.t8 

0,0!IT 

2,7  2,3 

34,3 

— 

Kb  0,*5 

V  '**  "*•  ** 

Suni1i(;iT  lyoliiii  It 

Stiippi'l 

0,048 

0,044 

4,0  3,0 

57,0 

0,1  0,10 

0,75 

goiifliigt 

0,1  an 

0,1 18 

0,6  0,43 

52,7 

~ 

0,75 

SnnOigliiiiigi'r  I^liiii  C 

Stii])i>oI 

0,008 

o.oiia 

4,8  3,4 

58,3 

0,24  0,1 

0, 1  o 

gi'wliiiU  .'<2  '/c  K 

0,228 

0,138 

_  _ 

42,5 

— 

’  .*  *  •*' 

gcscliiill  24  ^/c  K 

— 

— 

1,8  1,05 

— 

— 

a*  0y7>0 

Auf  dom  siiiidi;,'ou  la'lmi  11  ini  }:opllu"ton  Ziisland  warm  dio  Kollwidor- 
staiulslxdworto  unior  dor  Vordor-  und  llintoraoliso  ruiid  2,7  iiial  so  gross  wic 
iiuf  dom  Stiippolfild.  lO.s  Ijostolit  oiiii*  londoiix.iiiiissigo  I’oboroiiistiiiiiiiung  zwi- 
sohoii  doll  uiitorsoliii dlioboii  Hollwidorstaiidsboiwoiton  und  don  oiits])roclu'iidcn 
Triigt'iiliigkoiton  dis  bodous. 

Dio  Rullwidi  r-lainbiboiworto  auf  gi  soliiiltom,  saiidig  foiiigon  Loliiu  C  sind 
Uiitor  dor  N'ordoraohso  2,4  iiial  und  Uiitor  dor  llintoraoliso  2,2  lual  so  gross 
svio  mil'  dom  Slui‘i>oli'old.  Kin  Vorgloioli  luit  doii  Krgobuissoa  dor  Stoiiipol- 
druokvoi-suolio  ist  wogmi  dor  uiitorsohiodliolion  l’’ouobli|ikoit  boi  don  Kahr-  und 
Stoii'poUlruokvorsiiolion  auf  go.sohiiltom  IJodon  nur  sclir  bodiugt  inbglicli. 


Auf  MoorlxKlcn  wunlon  kciiie  Fnhi-vrrsuclio  pinaUel  zii  ilcn  Stoiiipcldruck- 
iiml  Sehcivi'i-suflion  Romaclit.  .Knlooh  zeifrt  das  ziiiu  Vcr;*!!*!!'!*  hvi-.mpozogcnc 
Bild  2.07,  dass  die  cn"cichhait‘n  Zujjkriiftc  solir  stark  von  dcr  initii.'rvn  Flaciien- 
prcssuiig  ill  tier  BciTihrunj^.sMuehc  zwiselien  Koifen  uiul  abliangen.  Bti 

(Icni  einfacliL'u  Bcifeu  7-3G  war  die  Tragfiiliigkcit  des  ilooilKHloi.s  in  diosem 
Fidle  erscliopft.  Die  Spurtiefe  war  lioeh,  und  fin  grosser  Toil  der  Selinhkriiftc 
ill  der  Beiuliiungsttiiclie  mnsste  diizu  iKiiiit/.t  werden,  den  Kigeiirollwiderstand 
zu  iilx'rwiudeii.  Die  eilieblieli  grossere  Beniluungslliielic  der  Zwilliiigsrciren 
koniito  sifh  nulir  auswirken  ;ds  rlie  des  Int  itfri  n  Beifi  ns  J0-2S  und  die  Luft- 
dnu'kab.senkuiig. 

Aus  deni  Voigleieli  der  Steiiipeldrnokkurveii  unj  der  JJolIwideiNtaiids- 
Jioiwevtc  mit'  Jlinerallx'nleii  liisst  sieh  cine  teiideiizniassige  I’elKreinstiniiiiung 
feststellon.  Der  Vorlmif  der  Steinpeltiruekkurver.  wird  jedoch  dureii  Stdrein- 
Hii.ssi'  wio  SU'ukturiiiulernngen  dnreli  Borlenl>farbeituiig  oder  Slriikliii-s<-li\ve!- 
leii  int'iilgo  Bearlieitiingsgiriizeii  und  rdinliehes  iieeintlii.ssl.  Aut  biiidwirt- 
seliat'tlielieii  Biideii  ist  alwr  tnit  solelien  Sli/reinlliisseii  z‘i  leeiineii.  Fur  dicse 
Bixleii  ist  dalier  eiiie  Anpassung  der  Fcrineln  \(>ii  tlorjatselikin  ruid  Belcker  zu 
enviigen. 

2)  Verlauf  der  Triebkraitbeiwerte  imd  Schcrvcrsuche, 

AuT  ilein  Sand  A  ergalwii  sieli  auf  dein  StoppeU'eld  geg'-iiuls'r  deiii  ge- 
pllvigtea  BiKleii  iiii  giiiiitigsten  Fall  iiiii  elwa  20'(  luilierc  Ti-ieb!;iai'tbeivm-le.  Bei 
Selioi  versiielifii  ergalieii  sii  li  uin  2-*)  '  t  libhen*  .Selierspatumngeii  und  uni  20 
lidlieie  (ileit.sjiaiiiiiingeii.  Weiterliin  wurdeii  auf  dciii  koliiisionsbeen  pejdliiglen 
Baud  von  den  Ib  ileiistollen  bei  grbssereiii  Sclilnpf  tiel'e  Sjnireii  in  den  Bixlen 
oiiigefiilst,  die  verniu11if  !i  ciii  Anwaelisen  des  Kollwiilerstainles  uinl  daiiiit  ein 
Absinkeii  der  Trieb!;rartlK“i\vertc  zur  Folge  batten.  Diiuiit  lassi'ii  sb-h  die  I'nler- 
seliiede  der  Tfieb!vraftl«'iwerte  deuten. 

Aiif  dein  sandigen  {.elini  B,  StoppelfeM,  vvareii  die  Zugkrru'te  iinr  iiin 
et-..a  S  ''/r  I  ‘dier  als  auf  ueptHigtfin  Bodeii.  Bei  dell  Selierver'ii  -’-.  n  waivn  die 
lJeibnng.sbei\ecrtc  liei  kb-iner  Xornialspamning  kauiii  initer.seiiie:;’'eii.  .bib'eli  ist 
beini  Stoppell'eld  eiiio  Kiiliiisiun  von  0,1-0, Id  ki)/riii-  voiliaadeii.  !'i  ‘  ji'.i.'vimalcii 
Seluibspani’ungi'ii  wirdeii  iin  tli-geiisiitz  ziiiu  gepttiigteii  Ibsbri  n.;eh  .selir 
kleinen  Seller-  und  (dcilv.cgen  erreielit.  H.s  iiaiididt  sieli  uni  ei’u  u  ludbung;'.- 
boden,  bei  dein  vur  allein  der  Beibuug-.l.'eiwert  file  die  /iigki.’ifie  nies-gebcnd 
ist,  der  von  deni  laukerbeitsgead  nielit  we.si'iitlieb  lieeiii!h;.s-a  v.iril.  Mit  dein 
Seliergeriit  konnleii  l  iiliere  Xorinalsiianmiiigen  als  0,4  kp/eiii*  nieb.t  niitei-snebt 
weedeii,  da  der  Selii  ering  zn  tief  in  den  bH’keieii  Boden  einsei:!:.  s-.t  da<s  die 
nrund])latte  mit  der  Drebmoineiiten-Mos-seiiirielitung  r.ul'lag. 

Anf  ilein  saiidig  tonigen  Leliiu  (’  sind  die  lu  t eiielillielieii  rr.ievseiiiede  ini 
Verlavif  des  Tiieblveaftbeiweetes  eiiie  Folge  <ivs  Seliiileiis  und  'b  e  ing  -i .seliied- 
liclu'ii  Feueliligkoit.  Dio  Selierveisuelie  zeigteu  auf  Stojipel fell]  » ii;e  lb  b.'isiun 
YOU  0,24-0,1  kii/eiii-  und  erlieblieh  lu'dieiv  !{eibiin;.zsl'"i\verte  a!--,  auf  deni  go- 
seliiilten  Bodeii;  insoferu  sruiunen  sio  in  din-  Tendenz  mit  d-.  n  /.e.gkeaftnies- 


sullen  iibcrfin.  jo<lcK‘h  <1<‘r  uiitfi’schii'iHinlie  I'cuc-htij'kcitsgcluilt 

ilos  gr:M*hnItcti  BimIoiw  Ik'S  Kalir-  uiul  SMiorversiicli  imlx’riicksiclitigt. 

Bi'iiii  Vcit'U'IpIi  tliT  Zugkraft-Scliliipfiiu'ssiingi'ii  und  dor  Stltoivorsiuhe 
kuniitc  liislii‘1*  luir  vino  (|iiiilit:)tivv  L’vl«Mvin.stiniiniiiig  fcstgi'slollt  wpi-ilvn.  Bui 
ileni  Zusiki-aft-SuliliipfvvrliiiIlun  spivit  Jiiich  dvr  ICigunrollwidcrstiind  einc  bc- 
friivlitliulio  Kollv,  da  diiruh  ihn  lun-its  Svlnd)kriiflv  in  dur  Buiiilii\ings(liicl>u 
vvrbnuudit  wurd<‘n  und  niuht  inulir  fur  dvn  Voitriul)  \virksam  wurdcn  koniiun. 
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Hilil  3.0!.  —  uiul  Taii;:viiti:i!>|»:itinu«^>v«'rtfilun;;  :iit  riinrri 

no  eiiKMii  iiicht  ^.ioluMwIcn  rivl>i*ii<fn  uii«l  &n  riiiein  /.iclicthicn  Kitd. 


J)ius  guht  iHis  liild  ^.01  a-u  livrv<*r.  in  dviii  diu  N'ortnal-  und  Tiinguntiiilspiiii- 
mingsvurtuilung  aiii  givuguiiun.  iiiulit  /.iuIu-iHlvii  aiigul l  iulx  nun  und  ani  ziuhi'nd(;a 
Wild  dnrgvstulll  .sind.  ('hwnld  <l.'r  Suhlupf  Ix-i  IJild  ii.Ol  c  bcn  its  su  gross  ist, 
dnss  iiru  Hiido  dur  J’ui  i^hrullg^;kit•llu  uinu  Tiin;;rntialsi>iuiming  voii  =  0,7 
dvr  Nurtuidsp.mining  i-ri<iubt  v.ird.  iM-iriigt  «5iu  l•u^^^lliuruIldt•  Triul)!;i aft  nur  0.3 
dvr  Ibiill.'ist. 


4.  •  JVwajTircenfg-.5ji3^ 

K.S  wuiiluii  Mus-mu!l:i>'I<'ii  inul  Mi'"uinriiiimngrn  lii-xlirlcliun,  init  (1ui\cn  Ziig- 
kriifto  von  Si  li1u|-l>urn  in  Aliliiinuigkrit  voin  Si  hliipl',  Kalira  .iln.-tainlc  >iiul  t'odcn- 

nim-lianisi-Iic  Kuiiii;;riV^-»  ii  n-.n'M':!  \v«t.Iu!i  kiiaiM  ii. 

Knr  «liu  Mi-.'-'Ung  von  /.ngknilt  uin!  i'.iiiiwi.’ur'linii!  uiiil  cin  M( ^swngcn  niit 
liydniii!i>uliur  Krnlt-  innl  mn  lmiuM  Irur  Si  lilTii'f-'ti  '-uim irl\!  nng  I'uiinl/.t.  '/.wr  Krinitt- 
Iniig  dor  bodumni  uli.Hiiijv !iU!i  Kuiiiivr<i-v'uii  uurili  ii  uin  UiiiL;.--!  lingiTiit  niid  uiii  Uruck- 
sluni|K-lgur;lt  nis  Atiliniiouiiitu  am  SrnIi'it|MT  «iit»vick‘4p  dir  niit  dor  Si’ldoppcrliydniidik 
I>utrir!)un  vvurdrii. 

.Mil  dii^ioii  Kinr;o'!:iiii'nn  w  iirdun  imf  dri'i  Mii;or;dl;d  Ion  mid  n'lf  ^[oMib  jucn 
Vur;.;luii  lisvur.'iiidiu  diiroJi  u  liihrt.  I>n  diiroli  «liu  Hivluidifiirlioi!nng  l!in<l.vi!  l.<i'Iii;tt]io)i 
gunnlzlrr  Kkioliuii  dor  I’lnlonzustati.l  nml  daiiiit  iliu  /'’.ngtidiigUiil  von  SilikiiiiLin  im 


starkcli  Masse  iKviiillii.sst  wenlcn,  wurilcn  «lie  Veistirliu  jovvoils  nut'  Stoi)i)i;lf('lcl  uiul 

auf  pcpfluglcm  Ikalcn  gomaclit. 

Durcti  die  Bcnrlaitang  wunlc,  wic  y.ii  rrwiiHcii,  in  j<slr:ii  Kail  die  Zngliiliigkcit 
verseldcfhtert  and  der  nollwidci-slnnd  crlall;!  Die  Slenij)4'ldrnikver.siu  lie  Xcigten,  dnss 
imr  Iwi  nl)gesel7.lrn  gleii-liiiiSssig  feiuliton  Miiu-niHiUJcu  der  Dnicknnslicg  angenahert 
der  Fennel  von  Gorjalsi-likin  ji  =  k  •  a*  folgt.  Krlioliliehe  Aliwrn-lmngcn  crgoln’n  sich 
l)ei  loekcren  Minerallaiden  init  einer  Uearlieiliingsgreii/.e  imUt  iilierliiinpt  tici  Hi'Mlen  jnit 
Stmklnr-  \ind  Fein-liligkeitssi-lnvellcn.  His  jet/.l  kiinntrn  <lit'  Koriiiel  von  Hikker 

p  —  ("gT"  ■  *"  hivrans  aligeleileti-n  HdlUriilerslandsfornu'In  liir  Keif'en 

lUM'h  nil-lit  iinf  IniuhvirlM'lial'tlii'li  genulztcn  iiinl  iM-arlieiti-ti-n  Hci-len  init  ilircn  grossen 
Strcniingeii  and  den  Straktnrgveiizen  niigeiviindt  werden. 

Kiir'  .Ifonrhoileii  cnvii's  sicli  die  Kormcl  von  tiorjiitsi  likiii  ids  nii-Id  nrnvemllmr. 
111!  Gegensntz.  /a  Minornllaidcii,  Iiei  denen  not  /.anolinirnder  Kiiidritigl iefe  .lie  I-'lStlioii- 
pri’ssaiigcn  iinmer  iinwnilisen,  Meliioen  sie  liei  Moorliiiden  iiai-h  I'eliersilireiteii  cines 
Mn\inianis  wiedtr  ah  mler  hiciheii  gleii-li.  Weitevliiii  wird  der  Vrrhiat'  der  Fliii-hen- 
prrssuiig  Von  oinor  venvar/.elleii  GnisimrlK*  oder  eioer  fe'leren  iiinl  tvockeiieren  Oher- 
scliielit  selir  bceinflusst. 

Wie  die  ■Selierversiulie  /.eipeii,  iHeiliflasMii  die  voii  der  IhideidioailiOiluiig  and  deni 
Plinnz.enhewnells  lierriiluendi'ii  St riiklar-Ai-iiderunpen  vnn  M iiie|-idl)iKlcii  den  Verlauf 
der  Scladisjiannaiipen  in  Ahhiiiipigkeil  von  Seller-  iind  Gleilwep,  Miilirend  selhst  einc 
selir  intensive  HearlK-ilmig  deii  lldehslHert  der  Keihung  In-i  pli.jiki.r  I'ciuldigkeil  and 
Fliielieapre.ssang  nieht  we.-s'Utlieh  iiinlert.  Die  Ivolaisioij  iindert  sieh  in  Alilibngi”keit 
Von  der  Textur  sehe.  Dnreli  die  liindwirtseliartlielie  Hcnrhi itnng  kanii  sie  nher  fiir 
oinipo  Zeit  aurgelioheii  Merdeii.  Jedoi-li  ist  ilir  K.inllass  aat'  die  /’.npriiliipkeit  von  Aeker- 
seldeppern-ircn  olleiiUnr  gniv-er,  aU  naeli  der  Coidomh'.selien  Forinol  /a  envnrteii  ist. 

Desliidh  mass  versiield  aerdeii,  Metlioden  and  Gciiitc  .'o  r.ii  verhes-evn,  da.ss  einc 
iK'.ssiire  Korrelalion  /wiselien  den  plivsikaliseheii  Kenngrd.s'Cn  niid  don  Koeilizieiden  tiir 
Falinvider-laiid  \ind  Zneknit't  gefunden  werden  kanii. 
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I)  I  S  C  U  S  S  I  0  N  S 

T.  J.  SONNEN.  —  Tn  der  I)riiek.s;ielie  Xe.  d2  waide  aasgeriilu  t,  dnss  der  Veil.iiit’ 
dc.s  TriebkraltlH.‘iwcrt(-s  K  in  Aldiiingigkeit  voiii  Selduiil’  mil'  laiidieirisi  liaillieli 
genutz.lcn  Hiidcii  duigeslellt  'verdeii  kaiin  diireh  die  I'nnkliun 


Dip  llini\elilmrkpit  «IicMT  Koriiipl  ist  s*-it  rtwn  3  ilnbrni  un  <|pn  Kt^phnisspii 
xftlvlroiclM'r,  im  Iiistititl  fur  i>plilpjHM*rforM-Luiuj  tlurrli^rt.fii|,rtcr  Fplilvprsurlip  gnpriift 
wonlcr..  Mit  ihr  kountoii  KurvciivorluiilV  Jrs  Triebkmftboiu-prles  nuf  nllon  in  tlicscm 
Zcitahsclinilt  uiitciviiclilpii  Uoilpnnrlpn  uinl  -ziistiiinlpn  uipili-rn'jtolK'n  wcnli'ii,  dip 
Ui'ltrrcinstiiiiinnii}'  war 

Rpi  iin};iiiisti^eii  Hoil«‘nvpiiiiiltiii.ss«'n  kiinii  in  b^i  tVIilvrr>iirlK‘n  vorkuiiiiiu-n,  iln^.s 
tlic  Triel»krnft)i»’i\vi'rtkurvc  iiicid  iiii  I'rspniiifj  <|es  Koonlinnlptisvstenis  bvjjiniit, 
sundcni  l(pi  Splilu|if«i>i(pii  von  ptwa  .'i-lOfJ.  Zur  Bpschmbiiiijj  soK-her  Knrvcnvci- 
liiufc  ist  ill!  2.  Olicd  dor  flloiidmiif^  dnr  Fnklor  A  riTonlprlieb,  tier  imch  <1pr  bishpiigpn 
Krkpiintnis  pinp  Fiiiiktion  dcs  Ron«i«lpi-.sliiiidt>!*  Ut  iind  Ix’i  Hrginii  <lpr  Ktjrvp  im 
Koordiimfriinr.-,  zu  K„„,  wird.  Im  Hild  1  uird  ciii  .-.ob-liPr  Vcrlanf  ik-s  Tripl)- 

kraftlioiwi'rtp.-*  gpz.«'i.:;l,  dcr  iitil'  l•ilu•!ll  i;«-iiflii"l«-ii,  Iptu-liteu  .srb'vpivii  I^'hin  gcwoniipn 
wnrdp.  Ill)  Diagratiiiii  i.-.t  dip  Strciiiiiig  diT  Mp>!>nci-tc  pir.gctrngpii,  cben falls  dip 
iibpic  and  wntpre  (iipa/.p  dps  St rciibi-reiclis. 

In  iiiilllproii  Tod  dps  ltildp>  wnrdp  auf  linlblugaritliniisidu-m  I’apipr  far  die  Mittcl- 
worlknrvp  nls  Ord'.nnlp  dip  Dillorpn/.  K„„  —  K  iinlgpl rnjjrn,  nis  Aliszisso  der  Siddnpf. 
Man  sieht,  ilass  tlip  Mpliizald  ilpr  Fnnktp  anf  eiiu-r  (tprndpn  liegt,  die  auf  dcr  Ordinnte 
den  Wert  A  absplinpidpt  and  dprpa  Stpigiing  dureb  don  Wert  k  pbamkterisiert  ist. 
I'idrr  Zidiiirpaalnac  voa  lailldogai  illnni.-a  In-m  I'n|>icr  lasspii  sipb  at>o  die  Kiinstnntcn 
vcvliiiltniMaiisslg  pinfacli  lindca  and  die  CIpiphaiiK  Icielit  aaswprfen. 

Zar  Aalliailaap  ilor  Mitlphvpitkarvc  kaan  der  in  dcr  Itiirstrllanfr  gnn/,  ipcdit.s 
gpzpiptp  Wpi;  iK'plirillon  wpidpo.  Dart  wnrdpii  zaniadisf  die  tipraden  liir  die  olicrc 
nnd  nntprp  tirenzo  dcs  Stipnln'roicbes  gp/.ogpn.  I’litpr  der  konawspl/ang,  Hass  ilie 
Streaiuig  dcr  .\|p.ss|ianl;to  siili  glpiphmiissig  am  die  .Miltehvprlknrvc  vprtcilt,  kana  dann 
fiir  bestinaato  I’anUlc  die  Is\gi'  dcr  die  .Miltplwerfkarvp  lieslininipiiilcn  Ueradeii  dardi 
llalbicrcn  dcs  Abslaialcs  dcr  lieidcn  (iipazgeraden  gel'andon  wenlcn.  Ini  Hci.sj>ipl 
wnrdp  dies  far  den  .Spblii|if  40%  uiul  fiir  den  Kitdaal'pankt  der  .Mittelwerlkarvc  bci 
2,5%  Spldapf  danlippfiilirt.  Dir  Kinlnnf|>unkt  kaan  bei  der  van  nns  voj'wciidctcn 
Mossiaelliodo  lH'ro*liiut  wprdca.  Dns  bos<diriplKMic  Vi'rl’aliren  bat  ilea  Vorteil,  das.s  aacb 
bci  vpiliiiltnisiniissi!' grusspr  .Slrpanii}:  der  Messiainkt*-  die  Milteiwcrtkiirxp  init  verglpiidis- 
weisp  gpriagpiM  Aafwiuul  und  gator  Sicliprlieit  gefandpu  werden  k.inn. 

Dio  aagpgplienc  (lloicliaiig  kaan  nar  slctig  ansitigpudo  Karven  voll  wiislorgcbcn, 
wic  z.  H.  doll  in  Dild  2  aagrgpticnpii  Karvonvorlaaf  dos  nouoa  Koifpii^;  Karvonvcrliial'o, 
die  pill  Miixiinaia  aalHpIspii,  wic  /-  15.  dor  dos  balbid.gci'.diroiipii  DcilVivs,  k'intlou  darcli 
dip  (ilpicdiimg  liar  las  zaiii  .Miixiaaiin  bpsolii ipbon  wonlcii.  Zn  dipsoiii  Frcplniis  knnaiiPii 
mull  Z.  Jaiiiisi  and  15.  lliiniimoto,  dii'  in  dor  Draoksaclic  Xr.  H  don  Vnluaf  dor 
Scliiilispaiiiiuiig  in  .Mdiiingigkpit  vpii  dpr  Dobiiaiig  olMiifalls  dar'Ii  pine  I'-Faakl ion 
dnrslellon.  Dart  wird  dor  Vcrlnaf  dcr  Knrve  dardi  Koiislantcn  iK'-tiiaial,  dip  anf 
Hadrakcimgros'i  n  iH  riilipii,  anil  init  don  an  Mudplll'abrzp.u;'.ii  in  Doitpi.i ianon  s'l'i'illtplton 
AVorton  vcrglculipii.  I5i  i  Dpi  raplitnng  dor  unlcn  I'phorpiiisliianiinig  dcr  im  Fcldvoroach 
gpiiiosspiipli  Triobkralllioiwi-ilo  mil  don  niuli  aiiMior  Molliovlo  ortrsbiiolon  Kurvoii- 
vcililnl'pii  srlipinl  ciiip  Voi lio.'sprnng  dor  I’plioipin-'tiiaiaaiig  dor  In  Diidonriiinon  grwon- 
1101)011  Krypliiiissc  diirrliims  iiiiiglicli  zn  spin.  Anf  liimlwirlspliaflliib  gpiiatzloii  Ddilcn 
wnr  c.s  lias  bislipr  iiiclit  ladglipb,  'f ripbknilllipiwprlp  and  dprpii  Vprimif  iias  dpii 
Dodonkpiingriisspn  nbzulcilpii. 

E.  LEMKG.  —  Ziiin  A'oitriig  von  Ilprrn  Dr.  Silliup  ladditp  irb  pinisrc  klcinp  Zasiit/.o 
gpbon.  Dip  Dildpi',  flip  Sic  iibor  die  Dc.'liianinng  dcr  Kcnagii'ssi  a  loi  .Mivibiidcii  s.iliPii, 
siiid  in  Mcorcii  gofaialcn  w  arden,  anf  dciicn  wir  Kniirvci  siirbc  lUii  cligcfiibrt  Indicii ; 
wir  liidicn  die  Misnc  diibci  —  .sjiczicll  dn'ses  Misir  —  in  ciiuiii  cxlrcin  lnakcncii 
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Ziu>tni\il  iK^ralirvu  uiij  fuiulcn,  tlnss  sii-Ii  »lk‘sor  solir  IriK-kriio  /iislaiid  (ran/.  Iie.-^omlcrs 
cignct  /ur  Kln.'^^^iti/ifniin?  drr  AtiHirc  in  B<*/iig  aiif  CioliuitU'Iniiroii.  Die  Mi«>rc  verdienen 
also  ill  die.M-r  llin^iilit  eiac  niidere  nis  die  MiiicnillMMloii,  tlie  ja  liislier 

—  iiinl  dan  mit  ret-ht  —  naidi  ihn-m  Veriialtcn  iin  iins.scn  Zii.stand,  o<1er  in  cinrr  iias.scn 
Jnlircs/i'it,  kIa-«-Mtiiicrt  ■nenlcn.  E.s  /ciptc  >ith  dnlici,  das.s  wir  ia  Mittelcui'ojm  den 
eiil\\nss«“rfen  M<>«>rcn  cine  bciioniUTr  HcIntmllMii);  widineit  )n^l.s.^oll;  wir  halM-ii  fast  nur 
krinsIlifU  eiifwUR.srrto  Maorc  in  Mittcleiimpn,  nnd  miisM'ii  nl.sfj  liier  Ran/  aiiders  nls 
chva  ill  Xonlniacrikn  v«rgclw*n.  Die  Kfin-stlu-lie  KnlwnsMTiuiR  liriiiRt  /usiandc,  dass 
die  Moore  in  dics<-in  triH-kenston  Zitstand  von  der  Ota'rfluctio  licr  niistrackncn,  nnd 
da.ss  sieli  dr.iail  oinc  Art  tniRonder  Toppit-h  liildct,  iler  .sieli  nns  dor  Vi'Rctalion  —  inci^t 
fini.s  tnlor  Uin.soMtH>wii<-li.s  —  and  oiiiicon  Do/imoloru  .sriir  stark  iiiisRctnirkia  ton  Torfos 
/nsaiiimei\sel/.t.  In  diosor  Zidt,  iin  Oktoix’r  ’nO,  war  dicsor  Toppiidi  odor  dio.st>  Dia-ko 
olwa  30-70  oi  '  diik.  Wir  Italien  dniin  llorni  Dr.  Siilinr  Rclx-ton.  dioso  Vorsnclie  aiif  Monr 
mis/at'iiliren;  U-idcr  war  es  nrgnnisatioiLsiaassiR  nioht  mrijjlu  li  .sio  ini  iinniitiolliaron  Zusani- 
nienliniiR  n«'/ai7iliron  —  os  vonpiiR  oiii  3/4  Jalir  —  und  dalior  ist  eiiie  Rcivissc 
Trcnnnng  dor  Vor'iu-ti.'liodiiiRuiiRon  /ii.-.tniidc  Rokiiniinon.  Waliiond  wir  iin  Oktolier  ’59, 
an  diosen  RC/oiRten  Stelloii  30-70  .soRiir  50  und  70  oia  au.'Roticaknoto  roiko  vorlV.'idcn, 
waren  3/4  dahr  s;iiitor  iinr  iio<-h  ctwa  tiO  om  iilirig  Riddiotan.  In  dio-oin  trm-konsten 
Znslaiid  war  das  Moor  la-i  4ft  oni  an  oinor  Stello,  lioi  70  an  oinor  andoren  Stollc,  snRar 
Ids  auf  die  Siddc  nii'ld  laolir  iia-s.  Der  Ziistaiid  war  .so  vcr>oliio<Von.  diiss  in  der 
Irookoiieii  Dooko  da.s  Moor  ltr<>ok;d  tdldolo,  dii-  ’.nan  kenni  not  tloiii  Kiiir.t  /rrdriiikrn 
koniiU';  nil  oiiu-r  .''telle  dnnn  das  Ni<lil/.oi.M.’l/.t«‘,  dor  soRonamite  Weis'lorl',  dor  aiis 
Moos  liestolit,  so  foNt  war  wio  eiiic  Kil/.s»dile,  nnd  danuiler  ila.s  iiasse  Moor,  ctwa  wie 
rill  nnsser  Itado- li'vinam,  and  der  /ersi’i/le  Soliwar/.toi  f  siili  olwa  nie  eine  Zaliniiaslo 
verliioU.  Al.so  die  I'litorsoliiiHlc  :ni  nnHlmiiisoiien  Veilndlen  /.ttisolion  Dookc  ur.d  deni 
nassoii  Miair  wauii  sehr  wtreiiu 

lu.srifciii  siiid  also  aui'i  die  Kuiven,  die  von  den  Ktiin/.ilTorn  gcliildof  wurden, 
nielit  tail  deia  eMreinon  Trockon/U'Sand  direkt  Rlei«di  zn  sitzoa.  Diosor  ONtrein  Irookeno 
Zastaad  itruIi  eine  Kla.s.silizienun;  litr  Miaire  nm-li  der  Maoldipkeit  —  in  Moore  bis 
40  ein,  bis  1  in.  'J  ni  mid  iilier  '1  ni  MiiebliRkrit  — .  I’lid  das  ist  sdii  eiiifai  li  zii  veislelieii. 
Wciiii  ct'va  30  bis  70  zinl iiin.ter  voii  tier  DlK  iliiielic  bor  nu.siroi  kneii  imd  fraoeiid  sind, 
daim  isl  es  aaliirlitb  selir  wis-ontliiU  veis-eliti den,  oh  d  is  Moor  imr  ’.k  in  iniiilitiR  ist, 
nnd  dairiil  die  posnrnte  Miiiliiipkeit  dur» iiRei riaknel  •>!.  oder  1  in  nnd  daiiiii  iiiir  olv.a 
die  iliiirto  voin  JfiHT  aiisRi'Ina-Kiiet  isl,  isler  das  Moor  elwa  'J  in  isl,  nnd  idier  2  ni 
nnd  d.Tinit  nur  ein  kleiiier  l’roz<  .iisatz  dr's  ^loore.s  IriM-ken  ist.  Ds  zeiRtc  .sieli.  das.s 
die  Fain •.'.eiiRe  lail  inolirereii  10  Tonnen  Cie«  ielil  d.in-li  dirsc  Dis  l.eit  d.iirehlirai  beii, 
weim  elie.i  die  Mi.ilniRkeit  des  Miioies  inelir  ids  2  in  stark  w..r|  daiin  wirkic  sieli 

das  (IissanitRe-.viilit  bei  den  .seluveren  l•■ldlrzellRl•n  m>  stark  au-,  das.;  die-c  Dci  ko  nielit 
mclir  trep;  R.niz  innlers  lie!  den  Deeken  .am  iJand  di’s  .Mi-aTs,  bei  di’iit-ii  iinlu'-ri'eii/.lcs 
Itefaliren,  niieh  mit  .seliwcrcn  IMlir/eiiRen,  niiiRlieli  war.  .Mso  in  die-'em  Falle  cine 
Ran/  deiltlielie  .\iisivii  kiirp  des  (.Jesaint, ’re’.'. ii-bl cs  ant'  das  Kalireijn'linis. 

leb  miii  lilc  Hei  rn  Dr.  Sidine  iV.im’n,  o’n  ta’i  den  verilldei  ten  \'ei  siu  li'lMslir.RiniRi'ii, 
bei  deiU'ii  iilxi  die  IraReiide  Diske  Reseliwundeii  war,  iiiif  21)  eni,  die.srr  Znsamim'idiaiii; 
init  dcin  tiesiimlRi  a  ielit  noeli  zn  »Tki'iiii'‘ii  war.  Kin  linden's  Inti'iesso  isl,  inuii  weK  liei 
Kielitnng  bin  d:is  ini'iRliebe,  ibis  anwe  nllmre  lieviil  liir  Torfe  uiul  liir  Mooro  sirti 
vomnssiclitlieli  enliriekclli  wild.  \\  ir  steliten,  frs|,  d:iss  der  Kepel-yu  ii.  troro  frr  iios  keine 
verliis.sliclieii  lYerle  lielVrlc  liei  .Moo.eii  mil  snbb  .s'aikeii  Irarciuliii  'I'ei'jilili'.ii  iider 
Deeken,  er  liclerte  zn  Riiiistiac  Werte,  die  «  lx  n  jn  der  Doeke  stei  keiddiebeii  nnd 

das  EiRebiiis  enLsjiriu’li,  niindestens  bei  den  Kabizeiieen  von  nieliieren  10  roniieu 
(jC’wielit,  nielit  den  CieRelieallciteu.  lii.siiferu  ersebeint  es  iiolweiidiR,  iki'ss  liir  den  weiti  reii 


<.!»'lin*nrli  tU-s  K«‘};«‘l|H-iu'lriHin'li'rs  Hittn-iir.iiiigcii  tier  Aiiwciiilliiirki'il  klar  licnuisgcrtfi'llt 

W.  SOEHNE.  ■—  Ich  Imlio  mirli  ri;;fiillir)i  iiirlir  mif  liiinlwiilsi'lml'tlii-Iic  Fnlir- 
Twj^  ill  iUt  (iriissi-iiiiiiliiiiiiir  2-4  T<>i:noii  Gfwiclit  iM'siliriinkf.  Hei  crlu'tilirli  M-liwcrcri’M 
KohupilfTMi  mit  I'riii'litii-li  (;ri»ss<‘r«-ii  iiml  iirriU-ivu  (.lli'ilki'tlcii  iviiri'  c-s  crfiinkTlicli, 
anspre  Mi‘s,-Nrinritlitmi};pii  plans  y.ii  iiKHlili^riiTcii,  <l:<ss  niiiti  f;riis>frr  lai'lpii,  die  in 
ptils-vrcr  Tipfo  wirken,  riiilii'ih>;eti  kiiiui.  I'lid  diis  wiimi  dnini  diu  Vdrnus-et/.iiiij'eli 
iim  soli-lio  Mmti'liiidrii  in  uriissen'ti  Tieleii  /ii  kliissili/ierpii. 

H.  W.  RADFORTH.  —  My  l•^dlell"lll•,  Ik.  T.eiiike.  Inis  just  eoiniiiiMiii  atrd  n  iiidst 
r^i^ifimnt  (ilis<>rvi»lion  mi  Dr.  Snlme's  resiills.  I  reii;;t:iliiliili'  liiiii  and  'ti  lainriirriiifx 
nm  not  iiiniiilidDll  ot'  tlie  viiltiaide  Imsie  l-•■lllril>ll>l<>ll  iliai  Dr.  Siliiie  lias  iiiii|iiestiii> 
luilily  ninilr. 

Ilnniini'iilimi  mid  water  loss  from  llie  siirrnee  of  or;r:iiiie  lerr.ain  tiy  atliliriiil  or 
-■>*"asonnl  iiilluenco  may  iinlred  itoliue  llio  roniiation  of  a  ei  iist  wliii  li  Ims  dilTereiil 
hoariin;  jiotmlial  ami  ollie'  jiropnlies  Ilian  llir  oriviiaal  vnlms.  Tliii'elore  tlieie  may 
U-  a  seciiiidary  stale  to  wliieli  Dr.  ^'idiiie's  results  may  relate;  they  would  in  tliis  event 
nut  ho  valid  for  the  initial  or  ;»ritnary  eoinlilioii.  Ats.i  this  ern-t  varies  us  to  proiieities 
eliai.leleri,s|ieally  rmn.  |d;tce  to  jdiiee.  The  reasons  lor  this  |die;ioiiienon  are  two, 
111  the  lirsl  phieo  hiiniil*eal ion  eaiises  one  order  o!  diireieiilial.  .'sreoinlly,  |ieiit  in  ils 
u.-vliiml  eoii.sliltit  Mil  dilTers  eha r'lelerisi leally  as  to  phisieiil  )iio|H  ilies  (Ivadlorlh, 
4'an.  dour.  Kn^.,  lil.'id.  Kl.  Se/..).  In  oiir  lalioraloiy  we  rero'.;nize  lU  i.ili'^ories  of 
jK-al  vvhieli  dilTer  as  to  ineehniiieal  |iro|ieilies  (loe.  eil.). 

There  slioiihl  lio  no  diseiniim;eaienf  from  an  idea  tlial  heeaiise  of  this  diirerenee 
the  meehanii'al  lumlysies  of  pciils  is  im|>lailieal  and  likely  to  he  nnde)a'mlahle.  On  the 
ooniniry  oroitiiie  terrain  ean  he  validly  elas-ilied  to  aieoniil  lor  hoih  orders  of  varia- 
liiliiy  indieatisl  Iks  ause  of  the  kind  of  oixanizalam  inlieieiit  this  tcntiln.  (See 
Itadforlli  iiaiier). 
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The  powered  vehicular  wheel  plane-rolling 
in  equilibrium: 

a  conjHderation  of  slip  and  rolling  resistance  ' 

Considerazioiii  sullo  scaricainento 
e  la  resistenza  al  rotolamento 
di  una  ruota  motrice  piana  in  equilibrio 

H.  1*1111.1. ii-s  •) 

ABSTRACT.  —  Whfn  a  fleiibU  vUlcuUir  ivheet  rolls  on  de/orniahle  ground  witll 
a  driving,  ur  a  braking  couple  applied  al  (be  liuh.  di/J’ivtiUies  nnse  in  spctify'ng  the 
phenomena  n.iiip))  and  •rolling  re.it.'Uince  ».  The  paper  attempts  to  clari/i/  the  basic 
issues  involved. 

A  definition,  not  entirely  new.  it  ollcred  for  what  is  described  ns  a  a  menning/ul » 
coefficient  o)  roliing  resistance,  onj  Ihb  deltnition  is  sfiidird  in  the  tijiit  oj  some  well 
kno'.rn  c/?/ifliflon.s  /or  shp.  The  question  of  •eeny-slipn  is  .:tudi<'d  in  particular  and 
shown  to  be  0/  importance  in  the  choice  of  titeanir.ij/ul  definition.*. 

A  criticism  i.s  made  of  curren/  t  ieici  on  the  mailer  of  rolling  rrsi.tance.  it  being 
argued  that  not  sufficient  oltcntwn  (s  being  paid  to  the  question*  of  slip  and  ncro-slip. 
ft  is  argued,  in  fact,  that  currently  used  coefficients  of  rolling  resr.slancc  arc  not 
meaiiinri/’il.  in  that  they  do  not  relate  to  pructuml  reality  or  to  the  fundamental 
mcc'  antes. 

Intro.^.uclion.  —  Tlic  pmpi'.sr  nl’  tlii.s  pajOT  is  to  ilisciiss  llr.'  (•(ixiil iliriiiiii 
(if  till'  I'iasric  planc-iiilliiiir  wlu'i'l  lii-iip;  stoailily  iliivi'ii  or  lirali'il  wliilo  rulliiiR 
uvor  (li-r'.'i'iiialilc  {pouiul.  It  uims  to  (Iciivr  a  iisd'iil  i'.\])ri's.sioii  for  tlio  fui’.vn rd 
(or  rearward)  tlinist  1'"  011  llie  elia.sNis  in  terms  of  tlu;  eoi'.iilc  M  artiiiR  at 
till’  lull'  of  till’  wheel  and  other  variahles.  The  pheiHriiieiia  «  sliji  >  and  «  rolling 
resistanei’ »  ai'r  studied  in  partienlar,  and  tlie  alRehraie  iiryur.u'Ml  purpnits 
to  show  tliat  tlo’se  ail’  not  elrarly  separaiile  from  uiir  another:  a  eari’lessly 
coneeiM'd  ih  tinilion  for  rolling  lesisl.iiiee  may  weil  he  found  to  depend  tipon 
.siiine  aihitiarily  chnseM  definition  for  slip. 

The  view  is  taUen  throuolioiit  that  any  co ’riu’ii’nt  p  of  rolliiio  resi.slanei’ 
onuht  to  hr  defnr.’d  in  such  a  way  llnit  it  i.niaiiis  aiialoKous  with  tlio  Well 
known  eoeflieirnt  p  of  .sliiline  frielioii:  if  !■'  h'-  the  liori/.oiilal  roniponeiit  of 
the  foi'ee  whieli  is  aetiiiR  from  the  eliassis  upon  the  wlieel.  then,  when  xero 
eoiijilr  is  netinR  at  tlie  huh,  the  relation 

K 

1‘iiivcrMty  of  \V«*.'*trrii  Anslralin. 
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ought  to  IioM,  (I  being  tlie  v»‘rtirjil  coinpoiK'iit  of  tlio  foroc  which  w  noting 
from  tlio  dinssis  upon  the  wliwl. 

Chinlnkov  (li'oO)  appenrs  to  have  taken  n  similar  view,  and  he  derives 
on  this  basis  two  apiiarcntly  diftVriiit,  though  ideiitieal  expressions  for  his 
co<  ffieiont  p  of  lolling  resislancc.  Both  expiessions  for  I’hndakov’s  p  involve 
the  collide  M  at  tile  huh,  the  forward  «  shift  »  a  of  the  vertical  reaction,  and 
his  two  dillVnnt  rolling  radii,  k  and  k„.  These  mentioned  variables  are  all 
cU'fmeil  by  the  piesi-nt  author  in  suhstaiilially  the  .same  way  ns  they  arc 
dt'fmed  by  Chudakov.  (*hiidaki»v  s  paper,  however,  i1<h-s  not  disenss  the  pheno- 
nieiion  « slip »  as  siieli,  nor  does  it  trial  tlie  cilsi*  whine  the  gruniid  is 
eonsidered  deforinahle. 

Definitions.  —  'I'he  wheel  shown  in  the  figs.  I  a  and  I  1)  is  both  elastic 
aiul  treaded:  it  iiiuy,  lor  example.  Is*  a  Ilexihle  pneumatic  wlicel  or  a  hard 
will'll  with  hard  sliakes.  The  gruiind  on  which  it  rolls  is  level,  longdudinall.v 
homugeiic'iui.s,  and  deforinahle.  In  both  diagrams  the  indieatecl  forces  and 
couples  arc  acting,  not  on  the  chassis  or  on  the  ground,  hut  on  the  wheel. 
Ill  both  I'liagiams,  also,  the  wheel  is  tiawlling  towards  the  right. 

The  couple  M  is  the  total  couple  acting  at  tlu-  huh.  This  oou[ilo  is  the 
algi'hraie  sum  oi  what  we  might  call  the  driving  itiiijile,  .say  .Mp.  and  the 
friction  eouiilc  at  tin*  hearing,  sa.v  iM„.  The  .separate  emiplcs  Mp  and 

do  not  ajipear  in  the  diagrams  Ix'ranse  in  the  overall  view  they  arc  not 

important, 

The  force  K  is  the  Imri/.ontal  enin]>onent  of  the  force  which  comes  from 
the  chassis  and  which  acts  upon  the  wheel  at  the  hiih-eeiitre;  (1,  the  «  load  » 
on  tlie  wheel  is  the  vertical  eom]ionenl  of  this  furee.  The  hori/.ontiil  force  K 

(Ml  the  chassis,  eipial  and  op[»i).sile  to  tile  force  !•’  on  the  whi'el,  is  recjuirfsl 

of  cimi-se  to  Imlaiiec  whatever  other  resistive  or  piopnl.sive  forces  iheiv  may 
he  acting  on  the  chassis  -  those  due  to  the  presence,  for  instance,  of  other 
wheels,  or  to  the  action  of  e.xteriml  inlhieneeis  siu-h  as  the  towing  by,  or 
towing  of,  other  chassis,  i»r  to  tlie  presence  on  the  chassis  of  soil-working, 
road-ni;iking,  or  other  looks. 

The  react  inn  Ilf  I'"’  total  reaction  from  the  grtniiul :  it  is  the  vector-sum 
of  all  the  eleuienlar.v  forces  distrilnited  over  the  eontaet  patch.  If  we 
assiiino  that  the  wheel  is  travelling  in  the  vertical  plane  of  its  own  periplury 
(that  is  that  tlic  wlieel  is  plane-rolling)  and  timt  the  wheel  itself  is  .syiuinet ncal 
about  this  idaue,  tliere  is  no  eoiijile  as.si)eiated  with  this  reartion  Up-:  it  is 
11  ]>iire  force. 

The  (oreo  IJ,-,  the  line  of  action  of  whose  vector  is  located  in  relation  to 
tile  whrei,  Is  divided  in  the  diagrmiis  into  its  horizontal  and  vertical  eimipoiients 
and  tl»f)o  Knowing  that  these  eoinjuMients  may  ho  drawn  anywhere 
providisl  lliey  iiiterseet  on  the  loeated  line  of  action  of  It,.,  wo  see  that  (lljli 
has  liii'ii  drawn,  ipiite  arhil raril.v,  at  the  nndislurlM'd  ground  le\el  (htild- 

In  view  of  the  ]1l^y:^i(•al  realities  nl  tlie  surfaeo  of  anr"  ix-il  gnmiul,  gra.-ws, 
roots,  stones,  etc.,  it  will  he  clear  that  the  I  tlh  must  1k'  I'Ut  at  some  arhitrai  ll,v 


noniiiintfd  K-vel.  Tlie  nintiu-iitiiticiil  ini]i)i<-iitii)iis  of  this  fire  eiioico  :iir  iniportcHit; 
they  uir*  tJisens,s*Hl  in  det.iil  Inter. 

Tlie  iirhitiiii-y  ehoici'  for  tlie  locution  «>f  (Kvli  hns  initoii.ntioiilly  located 
(Kp),.  The  length-dimension  o,  which  nnininales  tlie  position  of  (K,.)<  in  irlation 
to  the  huli-centn-,  has  Ix'cii  called  hy  a  tiiinilM-i'  of  .\iithors  the  forward  (or 
rciu-svaiul)  « .sliift  »  of  the  vertical  rea<-1ioti. 

The  constant  (<-hK-kwisi')  an$;nlar  velocity  of  thy  ^vheel  is  m,  and  the  <snistant 
(towaials  the  rieht)  linear  vchnnly  <if  travel  is  v.  If  v  —  km  tlu-n  k  is  the 
distance  down  from  the  ludt  eeiitre  (( ')  to  tin-  inslanlaneoiis  centre  of  rotation  (1) 
of  the  wheel  isdativo  to  the  ('niniid. 

la-t  ns  call  k  tilt'  c  aelual  rolliii!;-  radius  >  t)f  tlie  wliei-l,  for  this  is  the 

radius  one  iiiiirlit  imagine  uiiesi-lf  nsing  for  caleulatiiig  the  actual'  distance 

travidhsl  liy  the  wliisd  in  <*ne  revolution. 

i’learly  h,  the  height  of  the  iiistaiilaiieoiis  centre  (I)  aliuvc  tin-  Itth,  Is 
such  that  h  —  k„  —  k. 

The  distamv  from  the  hnh-eeiitre  ((’)  down  to  the  point  (P)  at  tlie  L’fJlj 
Ls  lc„,  and  this  dlstaiu-e  (which  will  remain  approximatel.v  eoitsiant  lor  a 

cunstatit  <1  and  a  constant  gronndl  ma.v.  for  ohvioiis  reasons,  he  calh-l  the 

« aiJliaient  rolling  radiiisa  of  the  wheel. 

r.ct  ns  call  (P)  the  c  ideal  point  of  eoiita<-t  *.  Since,  ultimately,  tlie  iit>!i(|ue- 
ndling  cireinaslanee  ought  to  he  jin.vided  for.  we  shall  ticline  the  )M>int  U’} 
generally  as  being  at  the  inlcrscclion  of  the  following  three  I'lanes;  the  plane 
of  tile  ('(il/i  till-  plane  of  the  periphery  of  the  wheel;  the  vertical  jilane  liirongli 
till-  wlieel  axis.  It  will  In-  noted  that  a  knife-edged  «  hard  »  wheel  rulling  on 
«hard»  gioiuid  will  alwa.v.s  make  eontaet  at  this  ideal  point. 

Sign  convent  ions  are  chosen  Jis  follows,  l-'oi-  hnri/.i.ntal  forces  and  dt'i.uu-es. 
ami  for  liiu-.ir  M-loeities,  tlie  jiosifive  diieetioii  is  towards  tlie  right,  l-’of  isjiiples 
and'  angular  veUu-itics,  the  jm.sitive  direction  is  ehx-kwise.  The  luig.ii'.  h  i.s 
]t()sitive  when  (1)  is  al  ovi-  (P).  and  the  riidins  1;  is  jiosilivi-  ivhen  (1;  is  I.ehiw  ((’). 

It  niigh!  he  nieliiii  [n  ii  lu-re  that  tlie  elirlused  sla  iied  areas  in  tie-  l;g.  1 
an-  afii-i-  Siihiic  rl!'.')!).  ^'!ll•y  are  naani  merely  to  .suggest  that  tlie  reaiti  ai  I?f 
oiiginate.s  .''Oirvliow  in  the  ground. 

r-TrIvwtIon  of  c:'.p.'‘i'.')0U3  for  p.  —  If  tlie  wheel  in  the  fig.  1  is  in  eipii- 
lihrium,  that  is  if  t!ie  veelors  v  ainl  ...  are  eonsiaiit,  .lie  following  three  i.jn.'itiuns 
may  lie  ■written: 

dM.  -  <1 

P  -  (hr). 

M  -  thr)n  +  (hf  ).  k„ 


and  fniiii  tlieso  it  follows  that 


Thu  e<|untion  (In)  is  simply  un  cquntion  of  C4|uililu‘ium :  it  may  be  obtained 
dircetly  by  taking  inonicnts  about  the  point  (P). 

At  ihw  enily  stage  of  the  Qrgun>ent  it  will  l)c  seen  how  the  oflca-mcntioncd 
ratio  a/k„  (soinetimos  oalled  the  Coulotnb  coeffieient)  bus  conic  to  be  quoted 
in  textbooks  as  the  « coefficient  of  rolling  resistance »  —  it  being  argued, 
presumably,  that,  if  *1  were  not  for  the  rolling  resistance  «  olisfaclc  »  (>a/k^ 
F  would  equal,  sinqily,  M/k«. 

There  an?  faults  in  this  textbook  argcinient  houTi'cr:  the  expressions  ^{/k» 
and  fia./k.  will  Inith  take  mimerieal  values  depciniing  upon  the  urbitiaiy 
elioiees  made  for  the  various  datum-levels.  It  has  alrcad.v  been  shown  that 
the  value  taken  by  the  Icngth-diniension  a  will  depend  upon  the  level  chosen 
for  the  horlxuiital  e<)ni|K)neiit  of  reaction  (Ur),.  Also  tlie  value  taken  by  k,  will 
depr-nil  cntiivly  upon  the  arhitrary  choice  of  level  made  for  the  L’GL.  Only  in 
the  very  siieeial  ease-of  a  wheel  rolling  with  zero  moment  at  the  hub,  and 
with  it-s  (U|-),  chosen  at  the  I'tlK,  vvill  the  ratio  a/k„- remain  independent  of 
the  location  of  (H,),  and  tlic  IVlL. 

In  general,  that  is  whenever  M  is  not  zero  and  whenever  the  ground  is 
not  .such  that  a  <  ph.vsical  »  U<ib  niiglit  bv  ehosi  ti  wit/i  eerliiinty,  the  ratio  a/kp 
may  in  fact  Ik-  given  whatever  mimerieal  value  we  wish  to  arrange  for  it.  The 
cxpix-ssion  <ia/k,.,  aeooidingly,  cannot  be  a  useful  inciisure  of  whatever  we 
might  imagine  to  be  tlie  €  rollitig  resistance  f«irco  ». 

In  his  paper  already  qiiofed  (I'.toO)  Chudakov  deals  with  an  elastic  wheel 
rolling  on  hard  ground;  his  implied  I’lib  is  at  the  hard  ground  h'vel,  and 
his  (Urb  i-i  ttf  the  I'dl,.  In  his  nttaiysis  he  also  rejcet.s  the  e.-cpressioii  Ga/ke 
as  lK‘ing  a  usele.ss  measure  for  the  <  rolling  resistance  force  *.  lie  lioos  this, 
however,  not  becaust-  of  the  iitgiam-nt  )>nr.suod  above,  but  heeausi-  he  finds  b,v 
experiment  (with  a  Inalted  wheel),  that,  as  the  braking  couple  increa.se.s,  that  is 
as  the  c>?upie  .M  at  the  hub  becomes  more  and  more  negative,  the  length- 
dinien%i)in  o  deerease.s  and  even  bevonu-s  negative.  11c  asks;  liow  van  Ga/k* 
bi-  «  measure  of  a  «  rolling  lesistanoe  force  »  when  a  is  .sometimes  zero  and  often 
even  m-g;:ti\e.’ 

(.’huilakov  writes  another  equation,  lie  writes,  in  cs-seiiee,  not  only  that 

M  -  (ia  +  Kk,  (lb) 

blit  al.-s)  that 

llui  =  IH,.),  V  +  j»(H,.’),v  (2  a) 

whciv  31rt  Ls  the  luiwi-r  input  at  the  hub,  (Kj),  v  is  the  power-output  to  the 
cha.ssis,  nud  p  (Uj-).  v  is  an  e.xiire.ssioii  um-luding  the  din'.eii.sioiili'.s-;  coefiieienl  p) 
for  the  iKiwei'-loss  to  the  ground  at  the  eontaet  p.-itvh. 

Obviously,  in  the  eiiuatioii  (2  a),  the  force  tH,.),  is  not  eonsid'-rcil  as  working 
on  the  V, i.-.-el  at  the  velocity  pv;  the  expression  p  ({>,h  v  for  the  pover-loss  to 
the  ground  i.s  a  soiind  one  nevertheless.  The  idea  i.s,  not  that  tin-  force  (H,.  ,  • 

working,  but  that  the  (admitti-dly  soimw li.it  mytliir-nl)  hnri/.ontal  force  p  (K,),, 
or  p(i,  is  worliing  at  tlic  velocity  v.  Tl-,.-  fact  i.s  that,  !>y  ehnoslug  to  wiitc  the 
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oxpics.sion  p  (K^),  V  for  the  powvr-Ioss  to  the  I'l'oiuul,  we  are  taking  a  short 
cut  to  n  definition  for  p. 

Had  the  algebra  of  equation  (2  a)  Ut-n  written  more  rn-arly  according  to 
first  principles,  the  rate  of  working  of  the  force  11^  would  have  Iwen  considered. 
The  point  of  application  of  the  force  is  moving  (in  the  direction  of  Kp) 
at  the  velocity  ua  (Hp),/Rp  +  wh  (RfVR»-,  :*o  the  iwwcr-loss  to  the  ground, 
which  is  the  product  of  R,  and  this  velocity,  is  «a  (Kj).  r  uh  (K,-),.  14ut 

u  =  v/k,  (Kp),  =  (t,  and  (Rr)»  ~  h*.  -■«>  the  power-loss  to  the  ground  may 

be  written  (a/k  +  h/k  •  K/fi)  (Rp),  v.  Note  that  the  expression  within  the 
brackets  here  is  identical  with  the  first  of  tlie  expics.sions  derived  for  p. 

Hy  simply  repeating  the  equation  tl  h),  and  hy  rewriting  the  rciuation  (2  at 
by  putting  (R,-).  =  <!,  (Rp),  —  F,  and  »»  =  v/k,  we  g\*l 

.M  =  (ia  -»  Fk„  (lb) 

M  =  Fk  -r  cGk  (2b) 

and  from  these,  fii'st  hy  eliminating  M,  and  then  hy  eliminating  F,  we  arrive 
at  tlic  following  iillernative  expressions  for  o; 


(M/k) 


Sulislaiitially,  these  are  tlie  expressions  derived  hy  Clunhikov.  They  are  ajipli- 
ctible  lu'ie,  however,  for  deformahle  ground. 

The  independence  of  p.  — If  (l».,.t,  luid  heen  init  elsewlicr*'.  say  at  .some 
(listnnee  in  almve  or  below  tlie  I'tib,  the  eciuntions  (1)  and  (2)  and  the 
exinessioiis  (3)  for  p  wmihl  still  have  ln-»n  ohtainalile.  The  distanee  ni  would 
simply  liavc  eomplieated  the  algehra  somewhat  ir  the  early  staj^es.  This  means 
that,  wliereas  the  simjile  a/k,.  was  dependent  upon  tlie  levid  eliosen  for  (Rr)i. 
the  expie.ssioiis  (3)  for  p  are  not. 

It  will  ahso  he  seen  tliat  tlie  l'<!L  itself  may  lie  shifted,  either  uiiwards  or 
downwards,  witlimit  an'ecting  the  expressions  (3)  for  p.  Tliis  nietins  that,  durinj; 
some  series  of  ex])erime!its  in  the  (iehl  wlu-re  iierhajis  p  was  lu'ing  measured,  we 
could  afl'ord  to  nominate  the  I'til,  ns  heiiig  anywhere,  that  is,  we  could  measiirc 
k„  in  any  way  wc  cho.se,  provided,  for  the  >ad;e  of  compnri.son  with  other  work, 
We  consistently  eliose  to  measure  it  in  some  i>articuhir  way. 

To  deimmstralc  the  truth  of  the  .statement  that  p  is  iudojuiideiit  of  our 
measure  of  k„,  suiqxi.se  that  the  L(IL  were  nominaled  as  bi'iug  fit  some  di.staiice, 
Kiiy  A,  below  (or  fdiove)  the  level  .shown  in  the  lig.  1,  i’utliiig  (Ry),  itt  this 
new  we  sec  tiiat  the  new  ii,  s;iy  o',  heeonu's  <i  4:  A  tan  wiirre  ']'  is  the 
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inclinnti'oii  of  K,.  to  the  verticat,  and  that  tlio  nvw  h,  say  h',  Ijct-oines  h  ± 
so  the  new  p,  say  p',  nsiin;  the  expression  (3  a)  becomes 


a  -t-  A  t«n  ♦ 

F 

-d 

41 

k 

■f 

~o~ 

k 

a  +  AtF/U) 

4- 

F 

h  ±  A 

k 

O 

k 

a  F  h 

k  G  k 

=  P 


which  is  what  was  ivquiixd  to  show. 

This  fact!  that  the  cxjirissioiis  (3)  for  p  are  iiidejwiidont  of  arbitrarily 
chosen  levels  is  an  iniiiortant  (aiiel  coiiveiiu-nl)  one;  hut  notii>e  also  that,  wlicn 
is  zero,  p  =  11/ ku  and  K  =  — ptl;  this  latter  infers  that  the  coefficient  p 
as  defined  alnive  does  satisfactorily  eonforiii  to  the  rciiuiioiuent  asked  of  it, 
namely  tliat  it  lemain  analogous  with  p. 

Clip  and  zero-slip,  —  Itefore  tliseussing  some  algebraic  imi>lication.s  of 
the  above  i.xpiessions  for  p,  the  questions  of  «  slips  and  <zerosli])»  ought  to 
he  examined. 

Suppose  tiiat  a  «  hard  »  wheel  of  radius  k«  was  rolling  on  «  Iiaid  »  ground 
and  that  it  was  tiavelling  in  each  revolution  a  distance  I*  =  2ir  k„.  It  would  be 
agreed  by  nuist  oliservcrs,  tii-stly  that  the  I'Uh  might  be  taken  at  the  Iniiti 
ground  level,  and  secondly  Unit  this  hard  wheel  was  rolling  with  «  zero-slip  *. 
If  on  the  otlier  liaiid  it  was  travelling  in  each  revolution  some  other  distaiiee, 
say  1  =  2r  k,  it  would  bo  agrees!  by  most  oliscne  rs  that  the  wheel  was  slijiping, 
ami  that  the  actual  extent  of  the  slip  could  Ik-  quant ilicd  by  ijnoting  one  or 
lx)tli  of  tile-  following  ratios;  (lo  —  11/1, (1» — 1)/1.  These  latter  aie  the  well 
known  «  travd-ieduetion  »  and  c  si)iii  »  slip  ratios  respectively. 

Now  if  ii„  was  till-  number  of  revolutions  rcipiirccl  of  this  hard  wheel  to 
travel  a  e-ertaiu  elislauce  wlieii  the  slip  was  zero,  .ind  n  the  mimbcr  of  resolutions 
luspiired  of  the  sjime  wheel  to  tiave-1  the  same  distanee  when  the  wheel  was 
slipping,  it  will  be  seen  that 


and  that 


h  lo  —  I  n  —  n, 

K  I,  n 

li  l„  —  I  n  — ^  n, 

^  i 


tdn) 


(db) 


wheic  h,  k,„  and  k  have  the  same  ineaninjts  as  they  had  be-fore. 

Fig.  2  (hiuonstratcs  the  w.ays  in  which  h/k,  and  h/k  will  vary  with  v/». 


A- 
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that  is,  with  k.  Xoti«?  that  whereas  h/h^  varies  linearly  with  k,  h/U  <loes  not. 
The  wIuH*l-«liapriinis  below  the  cHr\‘ca  in  *2  are  all  of  the  same  hard  wheel 
rolliiifi  on  hard  ground;  each  ha.s  been  drawn  with  its  I'tiL  opposito-its  relevant 


Slip 

pOSitivg 


point  on  tlie  v/oi -axis,  and  as  a  group  thev  aiv  inu  nded  to  show  liow  tlic 
rndiiw  k  may  vary  all  llte  way  from  tiositive-infinity  thiini;'li  zero  to  negntivc- 
iiifinity.  It  has  already  Ihs’ii  sliown  in  t4  a)  and  ( .  i)i  that,  for  a  hard  wheel 
on  hard  gitumd,  h/k„  is  the  travel-rediu  l i<*n  hlip  while  li  k  is  the  spin  slip. 

Now  it  iiiiisl  be  ohserved  here  tlnit  the  isn'odiiics  ^4)  apidy  witliont  ambi¬ 
guity  oidy  in  lliis  !iyis)l helical  eirciuustaiice  of  tlie  hiitd  wheel  being  dri\en 
over  bal'd  ground.  When  we  tiefiuc  this  liypoihet u-iil  c  li.iisl-w'.’eel-liard-gruund  » 


fii-eiinu»tancc  wo  n'qiiii’o  nnioni;  otlu-r  things  thnt  the  height  h  nnd  the  e4|iial 
aiul  opixwito  forces  F  and  (K,),  diiiiinislt  to  zcio  wlicii  tlio  coiiplc  M  diinin'ishes 
to  zero  and  vice  versn.  These  rc<inii‘cineiits  do  not  olitnin  in  pinetice  liowevor; 
for  when  we  drive  n  real  whiH*!  over  real  ground  neither  h  nor  F  necessarily 
diminishes  to  zero  when  M  diminishes  tt>  zero,  nor,  conversely,  docs  M  diminish 
to  zero  when  either  h  or  F  diminishes  to  zero.  Iti  the  «  renl-wliecl-rcjil-groiind  » 
circumstance,  nmivover,  we  tiuist  a.sk :  where  is  tlie  l't!L? 

It  will  1)0  obvious  that  there  sire  a  numlxM'  of  different  criteria  available 
for  the  notion  «  zero-slip  »,'eaeh  one  leading,  of  eoui"si‘,  to  a  different  length  1„; 
and  the  most  seiisilile  and  convenient  of  these  would  seem  to  be,  (a)  when  h 
Ls  zero,  or  (b)  wlicn  F  is  zero,  or  (e)  when  M  is  zero. 

In  fig.  3  a  eertain  real  whe«>l  is  imngined  to  liave  luen  driven  from  the 
ssime  stjuting-liiie  tliroiigh  N  revolutions  over  three  similar  stretehe.s  of  the 
same  tval  grotind.  On  the  fii-st  run  (a)  the  wheel  has  been  driven  in  such  a 
way  that  the  instantanoou.s  centre  (I)  luis  reniiiined  at  tlie  Ittb.  on  tln.^ 
sis-ond  (b)  in  such  a  way  that  the  force  F  has  remained  at  zero,  and  on  the 
third  (e)  in  such  a  way  that  the  tsiuple  M  ha.s  ri'inained  at  zero.  Tlie  various 
jjidientesl  nrrangenu-nts  of  the  vectors  have  been  drawn  so  as  to  reqnire  no 
written  explanation.  Fig.  3  purports  as  a  whole  to  show  tliat  tlie  rt.si>oclive 
distnner*8  travelled  in  i-aeli  of  the  three  mentioned  eireuinstancos  are  all  diffetsiit; 
the  tlirei'  diagrams  oftVr,  in  other  wonls,  a  elaritiealioii  of  the  sfalement  that 
the  three  mentioned  eriteria  for  zero-slij)  are  all  dilTereiit. 

Of  the  three  efiti  ria  one  might  imagine  that  the  third,  tlie  zero-M  criterion, 
would  1h'  the  most  seiisihle  niul  most  convenient;  lor,  mIuii  M  ■=  0,  the  naeiion 
K,  pas-s<-s  througli  the  liuh-centre  of  the  wheel,  and  the  wheel  tnight  Ik*  said 
to  be  <  friK'-rolling ».  In  ordinary  field  practice,  liowever,  this  condition  is 
diffienlt  to  achieve:  the  wheel  must  Ik*  driven  hy  a  driving  eou)>le  earvfully 
adjustml  ,si»  as  to  halanee  exactly  the  friction  couple 

I'lio  second,  the  zero-F  criterion,  has  the  nd'antiige  that  we  eonld  ai-;;ne 
tlint  when  tlie  slip  i.<  zei-o  the  .soil  «‘xpoi'ioneos  no  longitudinal  distortion  at  the 
eontaet  iiateh;  also,  when  F  =  0,  tlie  whole  energy-injur!  at  the  huh  is  bring 
lost  at  (he  eontaet  patch,  and  the  efiieieney  of  tlie  wlieel  as  a  iiiaeliiiie  is  zrro. 
The  '/ero-F  eoialition  obtains,  for  exaioule,  at  all  four  wheels  of  a  fon r-\vlu*ol 
driven  vehicle  when  it  travels  at  euiistant  s])rod  aero.s.s  a  le\el  stretch  of  ground. 
This  eonditiou  is,  lumever,  liki*  the  zito-M  eondilioii,  very  ilitlicnlt  to  aehievc  in 
V  linary  exiierimental  jiraetiee  in  the  fielel. 

■  The  fii’st,  the  zero  h  erilerioii,  on  the  other  hand,  has  the  advantage's: 
<i)  that  tlie  ilistance  l„  can  easily  1k'  determined  in  the  field;  ami  (ii)  tliat  the 
ratio  h/k„  apjiears  as  a  dimeiisioiihcss  number  in  tlie  e.spi  i‘,ssioii  (3  a)  fur  p. 
In  the  tii'bl  one  would  neeel  only  to  luea.snre  a  number  of  times  (\vit!i  some 
suitably-  fiiote'd  height  gauge)  tlie  height  ko  —  the  gauge,  iiieideiitally,  wuiibl 
fix  the  (’(I!j  —  and  then  to  obtain  the  elistanee  1„  -  ‘2- k„.  ?>Iea:-.iired  distauces 
I  Would  snbsoejuently  ilelertnine  radii  k,  and  thus  luiiiierieal  values  for  the 
ratio  h/leo. 

After  eoi'.sidering  tlie  various  possibilities  the  luiseut  writer  lias  cliuseii  as 


fiW^ 
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(bl  When  F  is  zero. 


(el  When  n  is  zero 


his  nipnsurc  t'ur  slip  the  nitio  h/k„  and.  as  liis  eriterion  for  zero-slip,  tlie  eirenm- 
stunce  when  h  is  zero. 

It  mny  he  argued  that  tins  .selieine  lias  llie  following  disudvantagi's :  (i)  that 
the  value  taken  hy  tlie  ratio  h/k,,  will  depend  n(Hiti  tlie  ch'dce  of  level  for  the 
Utllj,  that  tlie  measure  for  sli]*,  in  other  words,  will  depend  upon  the  nature 
of  .sonic  arhitrarily  chosen  instninieiit  for  nn-a.-xuring  k,,;  (ii)  that  a  sin  ill 
percentage  « error  *  in  the  nieasiirenuuit  of  will  cause  a  large  pereeiUnge 


alleratioii  in  h,  and  thus  in  h/kuj  (iii)  that  tlic  ratio  h/k„  will  often  l>o  highly 
negative,  even  when  is  positive  anil  the  force  F  on  the  chassis  is  positive. 

Tliese  objections,  however,  may  be  remarked  upon  respectively  as  follows: 
(i)  any  definition  for  -slip  must  depend  upon  some  arbitrarily  ehirson  rxro,  so 
the  particular  zcn'  chosi'n  by  the  instrument  is  as  good  a  one  as  any  other; 
the  L'GL,  moreover,  has  got  to  be  chosen  .somehow,  .so  why  not  use  .some  special 
instrument  for  choosing  itf;  (ii)  this  objection  is  linked  with  the  first  in  that 
the  value  taken  by  h/ko  will  depend  upon  the  mea.suring  instrument  and  the 
skill  of  the  operator  u.sing  it ;  on  rough  ground,  however,  it  would  be  wise  to 
measure  ku  a  huiuImt  of  times  and  then  to  ijuotc  an  average  value;  (iii)  the 
phcnuineiion  slip  is  le.ss  important  in  the  fundamental  meehanies  than  is  the 
phenomenon  1-011111^  i-esislaiu-e;  it  is  mueh  better  to  have  some  «  unmeaningful  » 
measure  for  slip  than  to  have  some  uiimeaiiingful  p;  it  is  Ijctter,  in  other  wonls, 
simi>ly  to  rogaid  li/k,.  as  some  useful  ratio  (like  a/ku  is  a  u.seful  ratio)  which 
happens  to  figure  in  the  ilet<-t'niiiiatiiiii  of  the  meaningful  p. 

Tliat  p  is  a  imaniiigful  cwfiieient  is  diseu.ssed  in  the  following  section. 

The  me&ning  of  p.  —  l»y  rearranging  eciuation  (2h)  and  by  quoting 
again  tlie  expression  (h  <i)  for  p  we  get 

M 


F  = - pO 

k 

(2  c) 

a  M/k  h 

kp  (.• 

(3  8) 

and  then,  by  sulastituting  (H  ii)  in  (’2  c),  we  get 


F  =■• 


.M 
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-r  (17^  J 
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Tliis  expression  ('i)  for  K  intVr.s  the  obvious,  nainely  tlmt,  if  it  were  not  for 
the  rolliiii:  resistance  force  pi!  (contaitied  within  the  stpuue  F  would 

efiuiil,  simply.  M/k.  ^V(•  ktntw  from  ordinary  experience,  however,  that  F  is 
always  Uss  than  M/k :  wr  know,  in  otlier  words,  th.at  p  is  :dwaa‘s  punitive: 
F  always  falls  sliort  of  the  «  ideal  »  M/k  by  tlie  imsitive  uniouttl  of  force  pll. 

There  is  of  emiese  a  clear  eirenlarity  in  the  above  ven.soning;  the  argument 
has  concluded,  in  elToet,  that  the  force  pli  is  tite  force  ptJ;  the  ctpiation  ('•)  is 
simi)ly  aiiolher  form  of  our  ehown  definition  for  p. 

This  imi'lieiiliir  form,  l\owever.  is  a  itseful  one,  heeanse  it  eoUoets  together 
into  a  single  stateimnit  all  of  the  variables  vvhieh  are  important  from  the 
practical  point  of  view :  (!,  M,  k,  and  h'.  It  shows  clearly  how  the  two  dimension¬ 
less  ratios,  a/k„  and  figure  in  the  deiermination  of  I’;  ami  it  .shows  that 

llicsc  ratios  (wliich  will  vary)  must  im  delerniinod  indcpendeiitl.v  by  experiment 
it  couhl  in  fact  he  argued  that  the  form  of  eijUation  (a)  snggesis  tiie  experiments 


by  nieiins  of  >vlucb  the  vmiatitiiis  of  a/k,  aiul  h/k„  might  Im  studied,  but  such 
iiotious  aix*  lK*yond  the  scope  of  the  pn-stuit  pnper. 

It  will  be  more  instructive,  pcrlia|»s,  to  study  tlic  meaning  of  p  by  con- 
sidcniig  the  jilpel)iaic  cons«‘«|Ui‘Mces  of  some  limiting  conditions.  liefer  to 
ctpiation  ('»)  and  consider  the  following: 

When  h  is  zero,  that  Is  when  tin*  point  (1)  is  .at  the  L'tlL,  of  vice  versa, 
(S|untion  (5)  reduc^  to 

M  A 

F  = - Q - 

K  K 

iK'cansc.  wlien  h  — *  0,  k  — *  and  /»-- ►a/lv..  it  is  worth  ohsen  ing  licic  tliat,  if 
the  rC:L  were  clioson  at  .some  other  level,  the  point  (I)  remaining  fi.xed,  tlic 
ratio  n/h„  woidd  lx*  idlerctl;  but  so  also  woiihl  h  be  altered  —  it  would  no  longer 
1)0  zen).  The  value  for  p  would  Ik*  found  to  remain  the  same. 

When  F  is  zero,  that  is  when  the  chassis  acee]>ts  nor  gives  no  thrnst, 
c<iuntiori  (TO  reducc-s  to 

M  =  C« 

wliich  is  not  .surprising  l)ocau:;e,  when  K  is  zero,  lip  is  vertical  and  o(|ital  to  G. 
Tlic  leiigt li-dimensiuii  a  i.s  not  determined  by  the  choice  for  the  I'Glj  in  tliis 
particular  cast'.  Also,  when  F  Is  zero, 

pG  =  MA 

wliich  means  that  the  force  pO  of  rolling  n-sLstance  beconus  cinial  to  the  whole 
of  I  lie  «  ideal  »  F,  namely  M/k. 

When  M  is  zero,  that  is  when  the  whis  l  is  «  free-rolling  >,  ctiuatiou  (5) 
rciliice.s  to 

a 

F  —  (i - 

K 

which  .shows  that  the  expression  for  p  beconies  a/k^  not  only  when  h  is  zero 
but  also  wilt'll  M  is  zero.  It  also  shows  again  that  p  accords  with  the  requirement 
nsketl  of  it,  that  it  rvinain  aiinlogou.s  tvith  /». 

Wlien  k  tends  to  zero,  that  is  wlieii  the  \\  hwl  appruaehes  the  eomlition  wliere 
it  rotates  yet  makes  no  progress, 

p  O  — ►  ^ 

which  is  not  surprising;  p  lia.s  Wen  tlctiiictl  as  laat  diiiieiisionle^^s  number  wliieli, 
when  multiplied  to  Gv,  givc.s  the  jmwer-hzss  to  tl'.c  grouiul  at  tlic  contact  ]uitcb. 
The  power-hiss  ptJv  nuist  remain  finite  alway.s.  so,  ns  k  — ♦  U,  that  i.s  as  v  — *  0, 
P  must  tend  to  infinity.  But  also,  as  k  tends  to  zero, 

F  —*  -yz  — 

whieli  slioWH  that  the  force  F  remains,  in  the  limit,  finite  tliougli  imleterminnte. 
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A  rclcvniit  reitmrk  Himt  is  tlmt  wht'n  the-  whul  iloi-s  Himlly  siri-ivi;  at  tliis  tiiniting 
ooiidition,  tho  friMuml  on  wliidi  it  is  roUiii};  is  no  lunj-or  Ixinii  «  continuously  » 
ilofovnnni;  tlio  nnliMs  k,-,  is  tlccrcasinp. 

When  k  tends  to  infinity  (cilhoi-  |>osili\«'  oi  luputivc)  tlic  wheel  ai>i)ioacliC3 
the  condition  whore  it  ini  longer  lotatcs  lull  contiiuios  to  travel  along.  As 
k  ->  d:  h  — ►  qp  and  li^  k  —  1  So,  as  k  — »  it 

n  M 

pG  -^  +  O - 

k  V- 

•'ft  I'o 

which  has  a  finite  value,  lint  also,  as  k  — *  it  M/k  — »  0,  so 

n  M 

F  — »  - —  (.i  -  +  - 

ko  k„ 

This  means  that  the  foree  fii:  of  rolling  nsistaiiee  tends,  in  the  limit,  to  heroine 
equal  and  opposite  to  the  (towing)  fuiee  !•'.  This  is  not  sniqn'ising  hecausc,  in 
tile  limit,  all  the  power  l-’v  hi-ing  jmt  inti*  the  wheel  rioin  the  clmssis  is  being 
lost,  p  Ov,  at  the  itmtacl  patch;  the  couple  M  is  lining  zero  work.  When,  in 
other  words,  »•  finally  Ihs-oines  zero,  p  in  feet  heeinnes  the  well  known  eoelheient 
of  sliding  friction  /». 

When,  on  llio  other  hand,  the  radius  k„  ajqirnaehes  zero  the  hub-reiitrc 
of  the  wlieol  approaches  the  timninated  I't!!  ai'd  ihe  equal  and  opposite  ford's 
F  atul  (Ky),  (at  the  I’tiL)  tend  t.>  heemne  colincar  and  (aiieol.  If,  fn  -the  limit, 
we  remove  (Kd,  to  .some  distance,  say  m,  below  tlie  r<iL  we  are  still  unable 
to  write  the  ciiurtiun  (1)  so  that  it  tValnres  F  or  (liriv;  tlic  two  varinhles  simjtly 
di.snjipear.  When  k«  =  0.  h  =  —  k,  and  h/k  —  —  1;  so  when  we  pnl  ko  —  0 
in  tho  equation  (5)  wc  got 

M 

F  =  - - !  ic  —  v; ) 

k 


wliieh  is  also  dis.ippoiiiting;  it  seems  we  eannot  litul  an  e\])ressiDn  for  tho 
liresumahly  finite  pt.'  eliher.  It  is  of  n.-  u-se  easy  to  slmw  from  fii.it  ]uinei)>los 
that,  when  ko  -  0, 

-M  =  On 

hut  this  result  also  tells  nothing  ahu'it  the  foree  h’  or  the  forco  pti. 

Tlu’i'o  i.s  a  real  liiiaenlty  in  thi.r  last  eon.>idera' imi  which  ap|n‘;irs  to  be  due 
to  the  iili.sonoo  of  missing  intormatioii.  It  is  eoneeivrbie.  for  instance,  that  if 
we  know  some  fiiiictioind  relalionsliip  between  say  <i  and  h,  we  wouid  be  able 
to  write  an  O-vpics-sion  for  p(J  in  tin;  liiiiit  as  k„  tends  to  zero. 

Before  finally  conoludiiig  this  section  on  the  meaning  of  p  a  eritieisin 
iiinst  1)0  offered  lu'iv  of  tho  oppos'to,  iiioro  widelydield  view  on  the  question  of 
rolling  rosi.stanee. 

It  is  argiusl  by  a  number  of  anilun-s  th..l  the  iinwer-lo.ss  to  the  ground  at 
tlic  contact  patch  is  h  gitinialely  divisible  into  two  .scqiarate  pac-s;  (i)  that  whieh 


is  duo  to  slip;  mill  (ii)  tliut  which  is  due  to  dcfoiniations  of  the  wheel  and  of 
the  ground.  A  definition  for  slip  (with  its  nrhitrarily  clioscn  zero)  is  chascu 
first.  From  tliis  Ji  «  power-loss  due  to  slip*  Ls  enlouliited.  Then  a  coefficient  p 
is  fiiiHlly  noniiimted  to  deal  with  the  reinaiiiiiig  power-loss  €  due  to  the 
derorniatioMS  ». 

It  is  true  that  any  p  deftiiiKl  in  this  way  will  iieier  approneh  infinity,  but 
it  would  appear  that  such  coeflieients  arc  umueaningl'iil;  they  depend  so 
obviously  upon  aibitrarily  chaseii  definitions  for  slip  and  zero-slip  (or  upon 
no  definition  at  all  for  the  latter),  and  they  thus  necessarily  n-fer,  not  to  the 
total  iiowev-loss  at  the  eontaet  patch,  hut  to  sonic  other,  often  unspecified 
amount  of  power  which  can  have  little  or  no  lolevanee  to  the  fundamental 
mechniiies.  It  aia.v  have  lieeii  notieed  in  th's  eoniieetioii  fliut  graphs  of  €  slip  > 
and  of  «  rolling  resistance  »  are  often  tlrawn  in  the  literature  so  as  to  be  vague 
in  the  iieiglilHairhooil  of  tlie  origin. 

Tlio  p  that  has  been  derived  i.liove  by  the  .Thud.!;  ■)v-ni.‘thed,  !iowe\-er,  is 
in  the  writer's  pre.sent  opinion  a  iiu-.iiiingiiil  p.  It  ilois  make  sense  in  the 
context  of  i'ealit,v  and  it  is,  unlike  a  nuiiiher  of  otln-r  eoefficien's  p,  ■ina-self- 
coiilradietory. 

Him  UhiUAl’lIV 

Oluiilakdv  K.  A.  K  viiiiri)?u  <i  kachenii  kelcr-a.  (.\n  csotiiry 

iiitu  the  rulling  of  elii>ltc  molor  ror  wheel'*).  Kepi’rts  nf  the  .Veadeiny  of  ISi-ionecs, 
fSSH,  vul.  70,  n.i,  *1,  pRg.  77.1,  ttt.lo. 

Pohne  IV.  lifts  .McitiniiPrlie  Vcfliulteii  *le.s  .Vekerlio-leiis  l'<'i  J'.eki.viiiagen,  miter  riillen.len 
Kii'lorn  Miiw  ie  tiei  dor  Uiidoiilit'Rrlioilmig.  (T!ie  mei  liai'ii  ul  lirlmi  ioiir  of  i  uder 
lioid,  under  ndliin*  wlimd^,  niid  on  ."oil  working),  Grmidl.sgen  dor  l.aiidteciinik, 
HefI  1:  !•  Koii"! rnkleiirheft,  pRg.  .S7,  llCil. 


1)  ISC  V  S  S  I  (}  N  S 

"V.  E.  GOUGU.  —  .\s  I  pi-rsc.ii  wi.o-i'  r.i.i'.iv.-ao  is  Inrucly  in  llic  li-'M  id  tyres 
on  haul  gruuinl  nml  this  i.s  n  Knilenin-e  laeg-  ly  att'  ina-il  i>y  in'iij'lo  wita  cNporMue 
ill  s<iil  luecliniiic.S;  iiin,v  I  he  .mi  liohl  «.■*  to  rxjai  m  .some  donht.s  nl  out  the  ila.'giaiu 
seen  in  so  iimiiy  |i.nH.'r.s.,  namely : 
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III  this  «lini;rnin  tlie  olioiop  of  |ioiiit.H  of  n|i|ilirat!on  of  the  various  forrps  afi|iears 
to  he  arhitrniy  and  empirical.  In  our  work  on  Iianl  grmiiul,  we  have  founil  .some 
d.tnjfcra  in  sueh  opproaehes.  In  view  of  this  I  wish  to  welcome  the  analysis  in  the 
paper  ohich  is  hnsod  on  first  piiiiciples.  Wliile  I  repi-iveil  this  pniier  only  yesterday 
when  1  tame  to  tliis  eoiifereiu-e  and  have  not  found  time  in  my  mom  to  study  this 
pHjiiM  I  am  sure  that  it  is  in  aoreeiiieiit  with  a  similar  analysis  wbirh  I  inrliided  in 
Tyrc-to-pronml  contact  stresse.-.  (Wear.  vol.  '1,  lUnS-lO.VJ).  (I  have  since  con¬ 
firmed  this). 

’  i  this  euiinccliun  wr  arc  (nikiiij:  of  n-siillaiit  forces  in  those  nises  where  all 
loiT.'s  are  co-planer  and  in  such  cases  there  is  u  single  resultant  for<e  only.  More 
knouIo^l^;o  than  arhitrniy  nssn>M|itinii  is  needed  to  know  \ihat  alre.-.si's  leml  to  that 
rc.-ultiint.  For  ovumple  it  is  an  nssiiia|ition  to  draw  two  separate  hori/.milal  Inrccs  in 
the  dini^rr.iii  one  reprc.-eiitini;  soil  shear  in  the  entry  n“;ioM  and  one  representing 
traction  in  the  exit  roiiion.  The  level  at  wliieh  this  latter  force  arts  is  an  arbitrary 
assiiniptioii.  F.vcn  in  llic  hiinl  jrioimd  case  there  arc  iwo  cipmtioiis  one  Ija.scd  on 

energy  nnd  oiic  on  iiioiMcnls  and  fnrllin  data  is  rispiind  to  telnie  the  Iwn  mi  l  to  relate 

the  viriniil  ceiilro  in  iclnlion  to  the  groiiinl  Imn-I. 

In  tile  three  diiiiensioiuil  en.se  the  n'snltniit  can  he  exprissn!  in  tiiiiis  of  a 

forte  iiornml  to  a  given  |diiiir  nnd  n  foirc  in  the  plane  (ihid).  Wc  find  this  rejirc- 

.seiilatior.  valnnhle  in  th'-  ciise  of  onr  studies  with  our  own  six  eoinponttit  rig  of 
lyres  on  hard  snrl'iiees  —  we  take  ns  onr  refeienec  plane  the  giomid  suifate  —  in 
studies  on  sidl  griniiid  I  Mudld  .-uegesl  it  would  ho  tlie  inomi  gruiiiil  plane. 

J.  U.  rniLt.il?S.  —  1  am  stire  Hint  Mr.  (lotigh  is  eti/reit  ulnii  he  sn-i>eets  thi.s 
hind  of  picture.  Pe'linps  also  Mr.  lioiigli  and  others  lire  net  Iml!,  and  lliev  are 
(iiru'-t  when  they  .-u.-peet  the  kinds  of  pieti.res  we  llnd  in  <nir  liter:. tn-e,  aliiTe  the 
curve  drawn  in  the  in  ig'dieiirhood  of  the  evigin  is  on  jaiip  isc  l  it  vngne.  It  is 
tins  ditliealt  (piestieii  of  what  oeeiiis.  iii-nr  the  eri'tin.  In  the  i;:.-e  of  oriinary 
eoinparatively  hard  n.lu'eis  oa  coeipari'lively  hard  gionnil,  Ilf  m  i  ;hl  iinrlio.jd  of  the 
origin  l•on^r^ets  ahnust  to  a  pioitil,  and  i.  is  p  i;-si!)le  to  ni-pn  met  this  dlfii-ally. 
lint  in  the  gineralircd  ease  where  we  iiavc  '  ei-.  l',ex’l>!e  wlnels  o."  very  I'O'  idy 
straked  n  lieels  itilliea  ni  very  ih.  fiainalde  ■grniiinl.  lor  maple  the  ti'il'iiti'.;  r  iller 
in  n  iiiiiling  naehiin',  tlr.'  iieiahhiiiirhiiinl  of  liie  oi  ivii  «ill  iml  iide.ee  In  .■  i  out  en : eiitly 
.small  urea  nhie’i  i,  •  nmy  ignoii'  mnl  .all  a  point. 

A.  TA  .'1  .'.’AC.'i.  ■—  .^l  1 .  t'hairnimi.  lleiilUii.i  n,  I  think  M;:il  1>*.  P'  dlips  h.:-.  fn.nc 
C  vei  \  pend  ill  ia  drawing  our  attention  to  the  ailntivti^i  na.t'iie  iil  tlie  iflu''.! 
(ieliiiilioM  of  rni'i.'ig  re.sist.inre  and  rellinu  ladius.  Ftr  •■x.eepl.'.  in  a  le  iut  li-t  ll  it 
We  iii.iile  of  a  siieill  ti.ielor  in  very  .-alt  gioniid  ive  lunnd  thni  li  e  relhn;:  radin.s 
(d'siiu'd  as  in  the  iiitei  n.itiu'iat  rland.iisl  tiaetor  test  mIi  )  w  ^  Iw  lee  the  ae'irll 
wheel  radius.  If.ive.;,'  di  iwn  ai  ti".itiiui  to  the  a.hit  .  '  nature  ol  the  in.:;;  .:il  di-l'iit  on 
oi  roilim:  re:  i.-.iain  e  Dr.  I'hiHips  pi. on  to  jirnpii.  e  liial  we  uilepi  the  Chu.'ahov 

rolling  t*  'ist.inee  'n.iiirnnt.  I'liis  I  iliii  .--uie  is  Iutall_\’  iin.ieeept;.!/..  to  all  lit  US 
intereled  in  ■  ul  Miinle  iueeliiiim ll  is  i|iiile  ele.ir  iiein  ei;umi'"i  t'la)  lint  Ihe 

enel’ii'ieut  |:  i  nvei  -  :dl  llii'  lu-.i  -.  iavnlvi  1  in  tlie  wlie'  l,  Iiiiir’nu:  In  e  ih  r  h  dll  slip  and 
rnllihg  !o-s.  \.'l.i!  '  :  Iti.s  le.iV  he  nihi,  tii!e  lor  tin-  sle.dy  nf  in',.|,  ;  ;y:i'.  nn  l-.ird 

t'l.iii.s  it  i-  n  nte  .-  'e.-s  for  ii.iid  oi  i  .■--;p.i.i;i  wdn'ei  ;  'Oi  :-  i.'.  gi  ■•:!.  !  i  U‘  i  ste  iy 

ol  til.'  t;  erli.'. !'  ies  I.)  .1  lie'  l  m  t  !i, . I  I  tii  sli p  lo  .-es  <  d  in-  t  i  hn  i  •  1 1 .  i  ■  ;  1  I  . ;  in  .) 
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anil  the  inlliii;;  losses  (ilue  lo  Tcrliral  ilefomintioiis)  will  be  eompiiteil  se])Brately. 
We  therelbre  refiiiiro  that  the  losses  an-  alloeateil  to  those  two  sources  from  the 
rcsnlffl  Ilf  n  wheel  test.  This  i-nii  lie  «|iiilc  simply  clour  usinp  equation  (lb)  by 
replacin';  k„  by  Ihe  rolling  rnclius  of  the  mheel.  The  rolling'  rnitiiis  would  need  to  be 
rnther  arbitrnrilly  nssi};iic'<l  hut  for  ciiosi  |irni'tiiiil  wheels  niiil  lyres  this  can  be 
done  in  a  simple  niid  meaiiiiif'l'iil  wer. 

Dr.  Phillips  ijcjcs  on  to  siip.;»->t  thal  llicrc  is  .some  particiilnr  merit  iu  the 
ilistaiire  frciu  the  centre  of  the  wheel  to  the  iiiiiU"for»ic*<l  jn'oiinil  sni'face  instead  of 
the  more  iisui;l  rolling  mdiiis.  It  i.s  rle.sr  to  most  people  now  that  thi.s  distance  is 
lull  a  eiiiistniit  I  n  l~)iticular  wheel  in  :i  pnrlieiilnr  .soil,  lint  i.s  a  I'uuetion  of  slip. 
I):'..  Phillips  is  tlii  iefore,  siippestin;;  that  wi-  rejdnci-  the  rolling;  inilin.s  by  a  iliiiu-n.-ion 
whieli  varies  in  sonic  eoniple.ic  w:>y  with  slip.  This  .-ceiiis  lo  be  little  short  of  riilieiilons. 
Having  udmitteil  ihiit  the  roltino  mdiiis  i>  :iii  nrliitrnry  dinic-nsion  let  ns  keep  it, 
ut  least  ns  n  eniisiniit  dimcicsinn  for  ore  uli,el  nt  n  pnrtieiilnr  loud  on  ii  >;iven  .soil. 

Tin  •re  is  anothir  iiiiportiiiit  point  cniHemiiifr  rolliiis;  re.sislancc  tliat  needs  to 
lie  ni.id(i.  h’rom  the  point  of  vic-w  of  sol!  veliiilc  mechanics  it  would  be  ii.setul  to 
di'fiiio  rolliii"  rcsistaiice  as  the  Mini  of  the  backivniil  jioiiitin;;  liori-/.ontal  components 
of  the  .ioi!  tbrees  on  nil  Ihe  c-lemeninry  areas  within  the  euntaet  p.nteli.  I  nlortuiiately 
il  is  impossible  !i)  obtnin  tlii.s  forec  Iroio  a  wheel  test  in  which  imlv  the  torees  at 
the  hub  of  ",  be  wheel  aic-  men  so  red.  lii  thi.s  l.vpe  of  tost  it  :s  only  really  possible 
lo  assign  a  'luaatily  <if  cuei'gy  lo.sl  to  n'’bii;;  resistanecn  It  is  not  possible  to  mciisure 
nn  aetani  foree. 


W.  r.  BUCIIBLS.  —  1  want  t..  csc.^atnliite  Dr.  Pliillips  fur  bis  ba.sic  laiper 
concerning  the  beluivior  of  tlic-  wheel,  li  il.e  labomloiy  (in  my  Soil  Dyminiies  Lourse) 
we  half  eoiidui'leil  c-Nperimeiit.s  eoneeiniier  the  eoiitaet  patch  and  iho  bebavinr  of 
the  re-'Ultnnt  futve  !{>-□,  we  have  devc-b-jicd  :.ii  itinilysis  similar  to  Unit  pieseiiled  by 
Dr.  Pliillips  fell'  the  clriron  wlic-'l. 

The  polar  )ue.-sUin  distribnti'iii  can-e  '.ss  Imoii  ilniwii  in  lig.  1,  using  Dr.  Pliilli])S 
notniioii,  tbeoretieni  r  -htion  .•.M  -I.s  b  -'  c  ii  the  momeiil  -'1111  r„  cf  the  ic  uill.ilit 
force  iini  and  the  Jiulius  of  the  solid  vKel  r,. 


r„  "  r,  sin  B  (1) 

Where : 

r,  Hailiiis  of  n  solid  wheel 

t)  inir  'p 


S.A 


S,  =  C  +  p  Inn  'h 

A  —  Area  of  emil.aet  ]>.alr!i 

W„  ■-  Dyiuiinii-  weight 

J{^,  Kesidl.mt  for.e  of  driveu  whe.-t 

-  l!e-idlaiit  foree  of  iiiidrixen  wl.ivl 


If  till'  ilyiininii,'  wci^rht  on  tlu‘  tire  nii'l  llic  Cmilomli  iMintiiutrr.',  i\rc  known,  tlin 
vq'.uo  of  the  IJpjj  run  Ik*  tiy  r(jiiiitioii  2. 

(■  A  i-  Wptnii'l* 

— - -  (2) 

Mil  (-> 

The  dirrilion  of  is  ileju'iniciit  <>n  flu'  position  nf  Hu,  ns  ^limvii  in  lipiirc  1. 
TIiC  jKisitiiiii  Ilf  H,...  is  lU'iii'iiiU'iit  iiiiiin  (lie  rnlliiif;  rcsisinixe  of  the  wheel. 


The  ideal  tractive  efficiency  of^soils* **)) 


Condizioni  ideali  del  terrene 
ai  fini  delia  trazione 

\V.  STKINimi  EGCK  ••) 


ABSTRACT.  —  The  3oit  upon  which  a  tractor  operate)  Is  the  intermediate  link 
between  the  energy  source  at  the  traction  members  of  a  tractor  and  the  energy  output 
at  the  tractor  drawbar.  The  transfer  of  energy  from  traction  member  to  drawbar  it 
subject  to  the  efficiency  with  which  the  soil  cun  effect  the  transfer.  This  efficiency 
reaches  a  maxiinum  for  any  given  pressure  exerted  upon  the  surface  of  the  soil  when 
increases  in  the  amount  of  energy  transferred  are  oU'-et  by  proportional  increases  in 
the  amount  of  energy  lost  by  additional  soil  diplacerneut  and  deformation.  The 
maximum  tractive  efficiency  attaniable  within  a  sol!  varies  for  different  ^oil  surface 
pres.surcs.  The  maximum  tractive  efficiency  of  a  soil  attninahle  wider  given  conditions 
of  surface  pressure  is  the  Ideal  tractive  efTicieucy  of  the  soil  for  that  pressure. 

Knowledge  about  the  iitrul  tractive  efficiency  of  soils  ts  useful  in  evaluaiiug  the 
optimum  perfomir.pce  of  tractors  and  other  .soil  engaging  titachhies.  Such  knowledge 
it  essential  to  the  prediction  of  soil  •cactivc  thrust  for  tractive  OyCiaiioiis  and  to  Vic 
prediction  of  forces  involved  in  soil  fracturing  operations. 


Tho  ovornll  ti'iictivc  cfliciciify  *if  ;i  tiiictor  ojn’ratint;  upon  tlu*  surfai-c  of 
a  soil  Clin  Ijo  (li'toriiiiiiod  1'i‘oin  tlir  ratio  of  the  output  I'owoi’  of  tlie  trartor 
<lolivi‘rc'il  at  t)io  (Irawltar  to  tho  input  joiwcr  (’ilivcrotl  by  the  tractor  to  its 
<lriviii^'  lucmlH'i-.-i.  The  tractive  e/ii-ii-ncy  thus  attiiiiud  is  <’iietaterl  lai'^'cly  hy 
hotli  the  elairaelorist ies  of  tin*  tractor  am]  the  characteristics  of  the  .^oil 
If  the  triu-tur  is  opcratcil  iipuii  a  :-iiJ  of  dilTcn'iit  jilivsical  cluiracti'iistic.s,  a 
ilitVciciit  overall  triictiw  clliciciicy  will  he  obtaincil.  The  I'h.aii.'rc  in  tractive 
ctTU'ii'iicy  is  due  juioMi-ily  to  the  cii.ini'c  in  soil  charactcii.sli;;;.  This  concept 
implies  that  overall  tractive  i  flii  ieney  must  he  due  in  part  to  the  tractive 
cfficii'iiey  of  the  tractor  ami  in  part  to  the  tractive  efiicicney  of  the  soil. 

The  tractive  fficieney  attrihnt.ihle  to  the  soil  may  he  defined  as  the  ratio 
of  the  useful  worU  aceomplished  hy  a  tractor  upcratiii),'  ujion  the  soil  to  the 
sum  of  the  work  tlms  aeeoaudisluvl  ]dus  traction  losses  encuunteied  within 
the  soil.  This  relation.ship  may  he  eonsideri’d  from  the  standpoint  of  an  idi'id 
trnctdi'  liavino  no  traction  los.ses  v, liat.soevi  r  i))aoiit uiion  a  soil  in  which 
losses  oi’eiir  heeau.se  of  deformation  and  displacement  of  the  soil.  In  this  ca.se 

*)  Puhlivlictl  with  llu'  apj‘rt.»vfll  tif  tlu*  l>ir<t‘tt»r  n.«  Paper  nn.  1')1W,  .Itttirnal  Scric.*, 
N'ebrnskti  A^riculf  I’rftl  I);;  peri  incut  St  at  ion. 

**)  T'Ijc  Aulliur  i.H  Pror.’;''»r  »if  A;ri  in  Mn:;)  nccritiij  ut  llu*  I'liiversitv  tif 

Nebraskn,  n  mciuJicf  ‘;f  Ihc  iN'i lui:-*I.a  lh».*r*l  «»!'  J'ruclnf  Ka^iiucr:.  kiuI  ft  incinPcr 

»»f  tke  Aiiicrlraii  Soriclv  of  Ajcriruliiual  Pti^iiUMir;.. 
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If  thi*  (Irnwlwr  pull  in  tho  nlwvu  rquiitiuii  is  cxpiTsm-<l  in  pounds  per  square 
ineli  of  surface  contact  ana,  then  the  soil  cnergj-  losst's  must  be  expressed  in 
inch-pounds  i>er  square  inch  of  surfaiv  c«)ntuct  area  per  inch  of  tractor  travel. 
The  cnerRy  los.sos  within  the  soil  are  isjunl  to  the  sum  of  the  horizontal  and 
vertical  soil  energy  lasses  which  rc.sult  fi'oin  the  horizontal  and  vertical  soil 
displacements. 

Ench  .soil  has  asstjcintnl  with  it  a  ma.ximum  tractive  efficiency  attainable 
for  each  traction  mcmlH-r  supporting  a  given  total  weight  |H*r  unit  soil  contact 
aivn.  Tins  maximum  tractive  efficiency  of  the  soil  Is  attained  by  the  action  of 


traction  members  '.vliieli  pro  Inee  mininnim  ilisiurhani-e  of  Ibe  soil  nect  .ssary 
to  the  [ji'ciUietion  of  reactive  .-k)!!  tbrnsl.  Env.;;y  sbiridil  imi  lx*  wa.sled  in 
■iniin’ccssiiiy  die.tin'bance  of  the  soil.  TIic  tiaulive  eoicieiu-y  tints  aeliieved  under 
the  giviii  siiil'aee  pressnie  eonditii'os  is  the  idc.ii  tractive  ei.'iC'.eiiey  ot  the  soil 
for  tbe.'i-  coinlilions. 

Detirniiniitioii  of  the  ideal  tractive  eflieiem-y  of  a  .-otl  itiay  be  made  l>y  an 
iiiiiiiysis  of  tlie  (li<placement  of  the  soil  s\trfa<'e  when  subjected  to  the  tietlon 
of  apiJrojn'iaie  ItDii/ontal  atid  vertical  forces  ev.i-rt'  d  upon  tlie  surface  of  the 
soil  by  till  id.'al  trm-tor  biiving  no  traction  los-sis.  I’lie  ntovement  of  ;;  particle 
of  si)il  at  the  sarfc.ee  may  be  ivsolxt-d  into  bori/.o?ital  aiul  ver’iciil  eoiupuneiits 
of  nioveiiK'nt  (fig.  'rite  bori/.onlal  eoiiipoiieiit  of  soil  iiiovement  ileteriiiinrs 
the  iiiiigiiitmle  of  borizontal  thrust  *.  't’bx'  Itori/  jntid  thrust  is  etptal  to  the 
horizontal  shearing  slri'iigth  of  the  soil  and  m.iy  he  deti-rnitned  by  mean.s  ot 
it  suitable  r.oil  sla-ar  testing  iipi'.n  ;ilus.  .\  ti  stit^g  app.iiat t.s  siiitablo  foe  tnis 
xlctermiluitioii  shotdd  loiiiiloi/.i’  the  edge  i  IVeets  e.-'.-.e-mtctl  with  the  Use  ul  siinill 
pl.'.tes  on  soil  soi-fjices,  Tlie  rel;ii vais.liip  bet-.eeii  hv'ri/oatal  tariist  ;nid  liori/.ontiil 
sod  tlispliicetnenl  vjtries  for  soils  of  ditVerenl  clu.."iieti>ri;ties.  The 

Vioiation  of  soil  thntst  witli  changes  of  siifiaee  xb'''oiiiiation  for  an  itva-fiigc 
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ugrrcultnnil  soil  '  k  liliuwn  ait  curve  A  in  fig.  3.  TIic  ana  iimlcr  eui  vo  A  is 
n'prcsoutntivc  of  tbr  lenergy  cxpeudoil  upon  the  soil  in  ili.splaeing  the  surface 
horizontally.  The  rrlationship  botwit-n  total  energy  expended  and  horizontal 
displacement  u  .sho«ru  as  curve  B  in  fig.  3. 

The  energy  l(rv<  siecompniiyiiig  the  horizontal  movement  of  a  soil  surface 
Ls  e<tunl  to  the  pnaljKt  of  the  average  thrust  and  the  horizontal  disjdacenient. 


If  the  iMicrg.v  ari'.-;  4indor  curve  A  is  divided  h.v  the  leiiglh  of  the  area,  the 
average  thrust  is  cli  t*-rniiiic«l.  A  plot  of  the  average  thni.st  luasled  to  liorizoiitally 
dis|(hiee  the  .soil  stf.  face  is  .shown  a.s  curve  C  in  fig.  3.  Thi.s  average  thrust 
etpiiils  tile  total  soil  reaction  which  a  traction  iiieinlK'r  would  eneouiiter  during 
displiieciuciil  of  till-  s-wil  surface.  The  iiorizoidal  disphu i Hu  nt  of  the  soil  surface 
at  which  niaxlimiin  average  thrust  is  achieved  is  indicated  in  tig.  3.  The 
magnitude  of  the  F;<ij’izoi>tal  nu-rgy  lossi.vs  within  tile  .soil  whieli  aecompaiiy 
iiia.vimuiii  thi  ust  is  iilso  shown. 

The  soil  di.splai-.-meiit  at  the  leading  edge  of  the  eontaet  area  of  a  tract  ion 
inoniher  is  njaal  ft>  z,'.  ri>.  If  tlie  ilisphiev  ineiit  at  tlio  trailing  edi'e  is  ('(pinl  to  x, 
the  displi'.eeriaiit  ar  a  point  along  the  eoiitaet  length  of  the  traction  nieuibcr 
is  a  fraction  of  x.  Thi.s  fraction  is  equal  to  tlie  ratio  hetwien  tlie  distance  from 
the  jioiiit  s  to  the  h.-U'liiig  edge  ainl  the  total  contact  Iragtli  '.  The  soil  reaction 
which  a  tr.ictioii  ni-mhcr  encounters  while  nioviag  over  the  surface  of  a  soil 


.^.L-  ■»»..■>  -,  ■.'_■■  V.  - - ■l.l...^  ..  .. - -  _  ,  ,  —  ■  - - -  - - - - -  - - /■ - —I - -  ■--■l.^... 
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w  d('i>cml<>nt  iijv.ii  tlio  iivt>i’«>»c  thrust  roiiction  over  the  distance  «A'  total  soil 
dLspIaeeineiit  iiiut  the  area  of  soil  contact.  The  cnergv  expended  npon  the  soil 
during  this  forward  movement  is  e<iniil  to  the  prodtiel  of  the  total  average 
thrast  and  tiu*  distance  of  tractor  movement.  If  the  distance  of  soil  movemenl 
is  e.xpres-sed  in  inehc.s  and  the  average  thrust  in  pounds  per  scpiare  inch  of 
soil  contact  area,  energy  expcndilure  is  an  ineh-))oinul.s  jjer  srjuarc  inch. 
The  unit  of  energy  e.x|)cndit«re  p<n'  inch  of  tractor  moventent  U  then  utch- 
ponnds  per  s<jnare  hieh  per  inch. 


The  vertical  displacement  wliieh  results  from  aelinn  <d'  a  verticul  press\(re 
upon  a  soil*  ttigellar  with  the  elmraeteristies  of  tlie  soil  determines  tlto  vertical 
eniTgy  lo-ss.  If  tlie  pressure  causing  veiiieal  disjjlneeineiit  is  p  and  tlio  ilid'e- 
nnitinl  of  vertieid  movi'iiU'iit  is  dz,  then  the  vertical  t'liergy  loss  i:;  the  integral 
of  jmIr.  a  soil  of  given  physical  fharaeteri'fn-s  will  undergo  a  uniform  di.splacc- 
nient  if  aeled  upon  In’  a  uniform  surface  iiressure.  In  the  case  illustrated  in 
fig,  2-5,  the  vertical  energy  loss  ]icr  unit  area  is  a  eon.stant. 

The  total  energy  loss  as  slio'vn  in  ligure  4  is  the  sum  of  tlie  vertical  and 
horizontal  energy  lo.sse.s.  The  vertical  energy  lo.ss  is  a  constant  for  a  eonsla.nt 
■weight  tractor.  The  horizontal  energy  loss  is  the  same  as  that  determined  by 
rurvo  II  ill  figure  3. 

In  the  total  enei'gy  lu.s.ses  of  lignro  4  are  i>loited  us  ahr.cissa  and  if  the 
eorresjionding  a'ciage  thrii.sts  dcjdeti'd  hy  vuive  C,  figure  3  ive  plotted  as 
ordinati'S,  the  eonesjjonding  tr!icti\e  enieicneies  may  he  determined  n-s  in 
figure  .5.  The  maximum  tractive  tlficieney  fiir  the  given  soil  sniijccted  to  the 
given  surface  jire.ssuro  may  he  found  hy  di'teunining  the  tangent  to  the 
curve  of  figure  a  wliieh  jins.ses  tlirough  the  urigin. 
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In  this  example  it  was  nssuincil  that  the  tlisi)lacoinent  of  the  soil  surface 
was  the  ivsult  of  action  upon  that  surface  by  a  tractor  having  no  inherent 
traction  losses.  All  los.ses  encountered  were  soil  losse.s.  The  maximum  tractive 
effieiency  imlicatecl  in  figure  5  is  the  ellfieiency  of  the  soil  alone.  This  maximum 
effieiency  is  therefore  the  ideal  tractive  efficiency  of  the  soil. 

Studies  were  made  of  the  performance  of  an  ngrieiiltural  crawler  tractor 
operating  in  the  adverse  tractive  emrditions.  presented  by  the  dry  sands  of 


the  Nehrnska  Sjimlhill.s  area  The  soil  was  loose  Valentine  Fine  Sand  of 
O.S  '.'c  moisture  eonlent.  'I'lie  lun  i/'.ontal  thnist  and  vertical  j)rcssuic  respom.ca 
of  the  .soil  to  horizontal  and  vertical  disj)hii-cinvnts  were  scenred  by  ineai^s 
of  soil  shear  and  pi-nctroincter  tests,  .\nalysis  of  the  data  indicate  tlmt  the 
ideal  tractive  effieieiu-y  of  the  .soil  was  0.5-17  at  a  surface  pressure  corrospop.ding 
to  that  presented  by  the  tractor.  The  analysis  of  the  data  e.nd  computation 
of  ll'.e  ideal  tractive  elTieieiiey  of  this  dry  sandy  soil  is  given  i}>  the  Appendix. 

Individual  soils  have  ideal  tractive  eflieieneies  associated  with  each  unit 
pressure  exerted  upon  tlie  surface  of  the  .soil.  Knergy  is  exiieiuled  in  the 
csiahlishment  of  reactive  tltnist  within  a  .soil.  This  energy  is  tir.ed  to  relocate 
masses  of  the  soil  relative  to  each  other.  .S’.reh  rehHMtiott  results  in  coinix'.etion 
of  the  .soil,  I'raetiiriiig  of  the  soil,  or  other  eh.an,;es  in  the  rclativ*'  p., ntion.:  of 
adjacent  soil  i>articles.  Tlic  ideal  tis’.etive  « riieicncy  of  .soils  is  a  uieasuro  of 
the  ability  of  sod.s  to  provide  rcfictive  thnist  with  iiiinimnin  energy  ab.sorpiion. 
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APPENDIX 

Tho  ideal  tractive  elVicio.nty  of  a  vtil  is  tlclcnaintHl  by  tiie  fon-e  response  nnd 
energy  nb.sorption  of  the  soil  during  liori/Atntal  ami  vortiral  ilisplmcmcnt.  Compulation 
of  the  nicnl  trflclive  elliciomy  of  n  loo.se  dry  .s.3u.l  folltAvs: 

The  soil-.  CSD.\  Soil  Survey  Cln.ssifiratioii ;  Valentine  Fine  Sand.  Location: 
Loup  Cotiiily.  Nchrnskn,  Sec.  li,  TWP  '22  X,  K '20  W.  Soil  Partick-s:  irri'gular  in 
sliape,  j.'igginl  o(lop^,  nppro.x.  73  ft-  of  the  pnrticlcs  fall  into  a  si/c  riiiige  between 
O.l  nnd  0.2  inni. 

Houyoucos  Ilydronulcr  Test;  tto.O  ^  sjitid;  1.-1%  sitt;  2.G  %  clay. 

I’jiTticlo  Dfii.-iity:  2.05  grnm/ce. 

Bulk  Density;  1.12  gmin/cc.  nnct.mpaclcsl;  l.iiS  "rum/cc.  isnnjtactcd. 

Moisture  Content:  O.S  %  (dry  hr.sis). 

Sihl  T'c's/  luiiiijiiiu  iil :  Type;  Bcvniiu  tcr.  Ltslrnment  Nr..  2  (lamiied  to  the 
I'niversily  of  Nrliriiskn  liy  the  Uind  LiMoinolm.i  'I’cscnnli  Branch.  0.2’.s\.C.  Deirolt, 
Arsfiml). 

The  Bevaincter  roiisist.s  of  two  instTiinicnts  tir-cd  in  c\ atiint'n  ii  i;f  th.o  soil; 

1)  A  torsional  slu’ar  displm I'litcnt  head  rncasuves  ii.c  b'  i i.o  itn!  force  liccss-ciry 
to  shc:ir  the  soil,  'the  verlic.d  prc-Mivc  on  the  sin.ir  b  a.d  ’.n.iy  he  varied.  .\  risonling 
If  .'ch:inisiii  pkihs  ii  clnirt  of  sbe.Triin:  stress  vs.  liiiri;-.oiitnl  <'.eforn  at  ion. 

(’iiliitnitod  Slieariiiir  Stres,-;  (plollrd  a.s  the  ordinate)  "J.jols  PSl  per  inch  of 
chart  height  for  7  in  ti  U.D.  slicar  Inad.  ishceiing  ntei  id  7  i.n'n  .dicnr  li!;'.d,,  I  l.T'.'li  sq.  in. 

lIori/.oMtnl  Dcl'orinnt !on  (ploltml  :;.s  the  ;ih.si'i.ssa)  1.2011  Inne.s  dispiacerocnt  on 
cliart  —  DrfornnitioM  ;;t  .shear  heail. 

■J)  A  penclrinneter  loensurc.  'In-  sinl.a'te  of  a  il.al  plate  uilli  imrr.ises  of  surface 
pressure.  I’ein  tvenieter  plates  of  dill  cleat  sir.cs  may  Iw  Used.  .\  recording  rieidiaivisin 
plots  a  chert  of  vi  rli'-al  load  vs.  siii!.;e-;c. 

f  eliinnted  \iulii:ti  I.oail  (ploltcil  ns  the  I'eduiate)  5'.1  Ihs.  per  itult  of  chart  h.c.ie];p 

Verlie.al  lielorm.itioa  (piicled  ;-.s  ,;.'<ci.''.s,'tl  I  imdi  .if  chart  ■.lisplaci.aii'iit  — 
1  iiicli  of  sinkneo. 


The  Soit  ClmnirUriittfee :  The  physir*!  soil  chamcferisties  as  iletorminetl  through 
the  nee  of  the  Bevamelrr  and  exprcsseil  hy  the  pnminolrre  of  the  I>iinil  Lmomotiou 
Soil  Vnino  System  ane: 

Prom  the  shenr  brad  data: 

r  =  .06; 

«>  =  27-; 

K,  =  not  tWtrmiined; 

K,  =  00  ; 

J  (opt)  =  .823  inrbrs  (at  the  soil  Mirfarr). 

P>om  the  penetrometer  data : 

K,  =  -9.6*); 

K*  =  14.9; 
n  =  0.88. 

Tlio  idiovr  vnltid  e<impnti'd  from  data  Inkoii  tiiiring  controlled  testing  in  the 
laboratory.  V’nhios  indicaltNl  are  an  nwmgc  of  at  least  sL\  determinations  eaclc 
The  Test  Tmettir:  Intenintioiiiil  TD-6.  S4.'>0  Ihs.  total  seeight. 

Tracks:  inuulirr  =  2;  width  18  inches  each;  ooiitaet  length  =  tiO  imiieseach; 
avenige  gnnnid  (tn-^siire  =  3.92  l‘.Sl;  Mav.  pull,  SIVW)  llw,  @  3.H2  ^  slip. 

The  Copipntatica  of  the  Ideal  Tractive  EQciency.  —  The  lli>rhi»ii  i'  Thrust 
iiiid  Kiieryii  Luss:  Tike  iiinNiiniini  soil  shearing  stress  per  .s'lnnro  inch  of  »s)ntnot  area  is: 

—  e  +  p  tan  «l>  where  c  =  .Oii  HSi 

S„.,  =  2.00  PSI  p  3.'>2  PM 

tan  "h  =  tun  '27'  =  .51 

If  siici-essivs'  ar*.-a-s  of  the  curve: 

S  e  t— K,  +  I  k,-— II  K,d  -  e  (-1  -  1  K.d 


Smu  *•  ( — K.  1  K,’  —  1)  K.d....,  —  e  {— K,  —  I  K,’  — 1)  K,d„„„ 

arc  plnniinetered  when 

.s„«.  =  iw  PSI 

K.  =  ^ 

d„„  =  .N23  inches 

d  .1  .2  d^,j,  .1.  etc. 

the  following  vahic-s  of  nvorage  thni.-t  will  Ik;  found.  The  jirothiet  of  d  and  is 
the  horiiontal  energy  Iw-s't. 


*1  stali.'tioitl  s .lalv.-is  of  tlic  variance  of  Kc  in  hiuse  siiol  to.-ls  imliri'.ted  not 
only  a  tacit  of  jirpcislun  in  (he  iiiciiMii.oicul  if  Kc  I'lil  ul'"  ii'Ct  has  iicgli;’il>le 
effect  on  the  sinkuge  properties  of  .“.'ind. 
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d,  lacb«a 

s*v.  fat 

HortioulU  tneriy  Ioia 

loch  Ibs/Ib’/ln 

0.000 

0.(M) 

0.00 

.1 

dm4x 

0.0S2 

0.24 

0.02 

(I.I0S 

0.47 

0.03 

0.247 

0.77 

0.19 

.4 

0.529 

0.97 

0.52 

JS 

" 

0.412 

1.17 

0.4S 

5  > 

n.ciT 

1.57 

0.S.5 

1J>  > 

f*.o:>5 

1.55 

1.2s 

IJt 

» 

1.254 

1.72 

2.12 

2.0  > 

1.040 

1.81 

2.y.H 

3.0  » 

2.409 

l.S'.l 

4.07 

S.0  > 

4.11.5 

i.ytf 

S.07 

10.0 

y 

8.230 

2.01 

I1I..53 

W 

2.0l»  CC 

The 

vertical  energy  lorn : 

r  n 

1 

■ 

p 

:i.02 

Z  = 

Kc 

— !».« 

+  K 

-r  14.0 

-  .23  iiiilics  .siiikntro. 

b 

- 

z 

Wbon  Z  =  .Zi, 

the  vcrlitnl  ciivnij' 

loss  = 

.4!l  ii'.  'li  l!is/iii=/io. 

0 

The 

tractive  efficii'iuy: 

til  rust 

lliriist  -t 

loli*l  loss 

;>rr  iiuh  at'  trnvcl 

Thr»jit 

MI  ToUJ 

lou 

TrACtlve 

tmclency 

la  ilia/ia*/lc 

o(  lb*  joU 

0.1*0 

0.-I9 

.not* 

'1  rniMof  ilno.-*  not 

0.21 

<*.5l 

.;;2t> 

0.47 

fi..-!; 

.452 

0.77 

i>.0H 

-551 

OJHJ 

M.Xl 

.54.5 

1.17 

O.'.'i 

.54 

t 

1  iloiil  1  ruct  i \  c 

lil7 

1..11 

.5n,> 

vW'iiry.  Tii'm  iieiMirs 

1.^7 

1.77 

.41 

« 

nt  n  .-dil  .'Urfaco 

5.72 

2.til 

.397 

♦  li'i'iM  nml  ion  4»t’  0.41 

1.81 

.1.17 

..345 

iiu'lirs. 

1.89 

5.10 

1.96 

v.'iti 

.1.86 

2.01 

)V.i)2 

.loi: 

M 

.Oi".* 

'rmetor  sli|>3  100  Vr. 

Tl'.e  {fiieljvf  cllicirrn  v  of  Vnli-iilino  Ki'ie  S..111I  of  O.s  iiiiiiAt>iri‘  cunt'itit 

wlicn  siibioctcd  to  a  surfatc  {)r.“.siiic  of  :iS}2  i'Sl  is  04.7%. 
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Soil  traflicabiiity  classification  scheme 

Schema  di  classiftcazione  del  suolo 
in  base  alle  possibilita  di  trafiico  su  di  esso 

S.  .1.  KNt.;iiT«;  -  M.  V.  Mkvkr  * ••)•) 


ABSTRACT.  —  A  study  teas  made  of  pertinent  soil  trafficahility  data  colfected 
diirinf  the  wet  season  at  more  than  J300  sites  located  principally  in  liuiiiid-temperate 
regions  of  the  United  States.  The  soils  were  identified  according  to  the  Unified  Soil 
Classification  System  and  U.  S  Department  of  Agriculture  textural  classification  system, 
topographic  position,  and  two  yeneral  levels  of  wetness.  A  scheme  for  classifuing  soils 
according  to  their  trafficchility  was  decelopcd.  The  scheme  lists  the  soil  types  in  order 
of  decreasing  strength  under  each  of  four  topography-general  wetness  Iciet  categories, 
and  shows  the  prohahiliiy  of  successful  passage  on  each  soil  for  vehicles  with  known 
soil  strength  requirements.  This  scheme  pcrmil.s  the  estimation  of  the  prohahitity  of  a 
successful  operation  unth'r  giren  .soil  type,  topography,  and  gene. at  wetness  level 
conditions.  Given  the  choice  of  seveial  routes  and  lehictcs,  the  determination  con  be 
made  of  the  vehicles  with  the  hcst  chances  of  success  oivr  a  given  route  or  irbich 
route  best  tor  given  vehicles. 


Introduction,  —  TniniLiiliility.  tin-  nbility  of  n  soil  to  jx'rmit  tin*  i>;iss:ipc 
of  a  luilitary  viliiflc,  vnrios  principaUy  with  soil  typo  niul  moistuvo  oonloiit. 
Moi.slmv  oontoiit  is  itilhioncod  l>y  ininuTous  oiiviionnu'iitiil  t'iicluis,  the  principal 
factor  hoiiijj  weather,  the  viigai  ic.s  of  wliieh  arc  known  to  all.  At  fir.st  I’lancc, 
the  classirieatiun  uf  .soils  iteccirdirifr  to  their  traflicahility  ai>])eais  to  ho  a  very 
diftienlt  task.  However,  the  task  is  iinnuilialcly  lialvoj  if  one  roco^;!ii/.cs  that 
all  soils  arc  ahont  eiptally  t rafi'u-ablc  when  they  are  eoini>ai'iitivily  dry,  and 
under  ilry  ronditions  there  is  no  real  need  to  differentiate  them  from  each 
other.  (.'otisidcviiiK  wet  conditions,  the  task  of  el.i.ssifieation  would  still  ho  di'.'ienlt 
were  it  not  for  tlie  I'aet  that  ii.iinrally  oeenrrin;;  soils  .attain  hiijh  moi.sturc 
contents  early  in  the  wet  season  (.deliiud  lalee  in  tliis  paper)  and  maintain 
thoin  witli  little  deviation  for  several  monllis  of  the  aear.  Since  one  soil  tyjK' 
will  have  disliiietly  better  or  pw.irer  Iral'ieahility  that!  another  soil  type  under 
wet-season  eomlitions,  elassitiiation  of  .soils  inmi  a  trufileahility  .staiidi>oiiil 
becomes  feasible. 

This  paper  suminari/.es  a  study  of  pin  t  incut  tratTieahility  data  collected 
from  soil  dnrinp  the  wet  .season  over  a  period  of  sevmal  years  in-  iieisrimel 
of  the  Army  Mohility  Ileseareli  (’enter,  I'.  S.  Army  Kupineer  Waterways 

*)  Kiiuiiieer,  Cliiof,  Annv  Mi>!.;lity  U'’,eHrch  rcnier.  Soils  Division,  I’.P.  .\riiie 
tiigiiicer  Water'vnvK  Ksiinrimcnl  Siaii->n,  Virksloiri:,  Mis.1. 

••)  Kiiain-’or,  Traflipuliility  Si-ciii'!i,  ,\riiiy  Moliility  Iti-sotirili  <''-:iter,  S.  its  I'iviiion, 
I",  3.  Army  KimiiiPcr  Waterways  Kx;>''riiiiciil  tslaiiini,  \  irWstjoru,  Miss. 


Kxpi'i  imoif  Stilt  ion  tAVES),  iim!  thoir  wlliilwrntoi-s.  Summary  data  ore 
prcsoMtcil  as  a  scliomo  for  the  olassifiealion  of  soils  from  a  triiflficability  stand¬ 
point.  A  (U'tniieil  report  *  on  the  data,  tluir  analysis,  the  .soil  tiafTieability 
elnssifieution  selienu'  derived  theivfroin,  and  relateil  stmlies  will  pi-ohnbly  be 
publi.s)ird  durin"  late  1961. 

Data  were  colleetisl  from  a  wide  ranpe  of  soil  t  v  pe.s  at  more  than  1300  sites 
located  principally  in  a  huinid-temperato  eliinnte  in  the  I'nited  State-s.  At  each 
site,  aioistnro  content  and  don.sity  were  ileterinincd,  samples  weix'  obtained  for 
meehiUiieal  iinil.v.sis  avd  determination  of  Atterberj'  liniit.s,  soil  strength  was 
ineasiued  in  .sviilahle  tr.ifiieabilily  nnil.s,  and  deiitli  to  water  table,  topographic 
position  and  other  env ironineiilal  fisitiires  pertinent  to  soil  traffieabilit.v  were 
ascertained.  Many  of  the  sites  were  visited  .several  times  during  the  wet  season. 

A  jneliiniiiiii y  anrdysi.s  of  these  data  eonsideied  the  elTeet  on  trafficaliility 
of  soil  t.v'iie,  I'areiit  le.-'.criul,  topograjdiy,  time  since  last  rainfall,  watiT-table 
level,  gi'ain-si:'e  distr’iantion,  plasticity,  and  vegetation.  The  present  analysis 
is  ccstiicted  to  the  iiu.^t  signifieant  parainetei-s,  iniincly,  sviil  type,  topography, 
and  a  general  wetness  level  based  on  lime  since  last  rainfall  and  tlie  water- 
table  level. 

Knell  of  the  sites  v.saniined  was  thercfoie  identified  aeeording  to  its  soil 
tvpe,  topograph.v,  and  "•.•iieral  wetness  level.  Since  many  of  the  sites  were 
visited  several  times  during  the  wet  .season,  it  was  feasible  tvi  identify  the 
same  sill'  at  tlie  two  gi  ;...-al  wetness  levels  to  l>e  deserilud.  Kortiiu  nt  ti aifdeahilit.v 
(lata  from  all  sites  i:i  the  same  soil  t.v))e-topogi'ai)hy-general  wetness  level 
oategary  were  then  sa'.'.vted  to  determination  of  statistical  means  and  ranges. 
A  eoniparison  of  the  .smtistieai  means  and  range.s  of  these  data  serves  at  a 
teehiU(|m,‘  for  eoiupar.ieg  and  rating  the  t ralllcaldl it.v  ot  soils  dining  the  wet 
season,  i.e.,  a  sehenie  -r  classifying  .soils  from  a  trafaeabilily  standi'.oiiit. 

Toil  type.  —  Tiie  .soils  were  snl>.ieeted  to  standard  in!)  'r-'tory  tests  for 
dcteriniMali(.n  of  grain  sires  and  .'iiteiherg  iir.iits,  and  tr.e  Ms.i’t.i  of  il;e;i  ti.d.s 
were  used  to  classify  soil.s  aeeoiiiiiig  t(»  two  (vvll-knoveii  sy.-,ie  :  .s,  tl.e  I  ii.io'd 
Soil  I  oJissifh'at ii'ii  Sy.-e  ei  developed  hy  i!)e  1 ’.  S.  .'iirny  I’orps  of 

lliigineei's  at)d  the  1".  S.  nnrean  of  i?eelanial ion.  ami  t'r.e  I’.  S.  l;r  ;i.- ■  oinent  of 
Agrieo)'. lire  ll.'.Sn.'.,  :•  r.ii’ral  elassifie.ition  syslem.  Tlie  .-■..•ineoe  f  .r  el.  's  fying 
the  tiinTu  ability  of  s,.K  is  ilu  refore  available  in  both  I’S'TS  mil  (  SD.V  terms. 
In  the  iiif-  iest  of  brevity,  thio  )>r,pi'r  is  restiieted  to  I'St'S  ti  rms  of  r.  fereneo. 

Topo:.nT.phy.  —  A  sti'dy  of  the  ibda  revi'ided  the  fi.e  -iliility  of  elnes' fyie.g 
the  topograph.v  of  a  -ite  into  one  of  two  elasse.s,  e.illed  sinipl.v  b,;\v  topo  ■;r.i ph.v 
and  high  topograiih;.'.  f.ov, -ti)po;::  a[ih.v  .sites  were  too:-''  at  is  r.ip  1 1  r.t  i  r,''! low 
elevation  vvith  ri's|iii  l  'o  .snrroiuidinjr  terrain,  .hhi  higii  loj'o -.r  : pliv  -.'.rs  were 
lliOM'  at  ermijiarativ I  Iv  idigh  elevation.  .Vbsolote  elevations  li.id  r.o  si  •iig’vence 
in  iileiitif.viiig  the  t'.;  rr.gih.v  class.  The  siio  ,  ideniil'.i  d  ;  low-to,.  ■  .i pb.v 
.sit e.s  were  usually  Jie  -  y  drained.  Sites  '...•-.o.vn  to  Inr.e  v.-.  tee  tables  ee,  lirriiig 
within  -1  ft  of  the  .'ec  at  some  time  d\n'ii);;  ll'c  y.  or  v..  ;-.'  .'iir."  ueti.s.i'y 
cl.i-ssified  as  low-toi'i.  :.  .p’oe  sites;  sites  kiioe.  r,  to  lie  ,il\>.iy;  in  e  of  .va'er 
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tables  within  4  ft  uf  tlie  snrfiiee  were  autonniticnlly  eliissifled  as  hif;h-1opo- 
);inphy.  TIu'm?  i.iti's  weiv  nsiiaUy  iiudiiim-well  to  v  ell  rliaincd. 

Fig.  1  U  a  grajibie  representation  of  the  Uvti  loji  iniaph>  clas.-,«-s  considered 
in  this  study. 

General  wetness  levels.  —  Two  general  levels  of  wetness,  termetl  «  wet- 
senson  condition  >  anil  <  iiigh-tnoisture  eonditnm  >,  were  en>ployed  in  the 
analysis.  \Vet-season  eonditloii  is  the  avenige  moisture  eondition,  i.e.,  the  average 
of  the  varying  nioislins*  eoiileitt.  of  the  soil  in  the  wet  season.  The  wet  season, 


deliiied  as  the  pel  iia*  of  the  year  o‘‘  generally  lilgh  soil  nioi-.tiire.  is  one  of 
generally  Iligli  preeipitat imi  and  low  ev.ipel ran- ni; .i; iiin_  .oni  it  o"eiirs  in  tlio 
'.'.inter  and  early  sp'.-in;:  niontiis  in  iHiMiid-teiai'i-rale  ieg'ons  of  the  l.'nited 
■'^tati.s.  The  i.eeoiul  leoisUue  reforeine,  l;i'’,h-,,;e.is;',iie  i.  to  llic 

higher.t  in(ilslu)i'  eonti  iit  that  t.i.iy  oeeiii',  li.ii  ing  rains  or  i  .  li.itely  ni'ler 
rains.  Fig.  2  |'ri'.|ihie.i!iy  illn ,1  raier  tlie  v.u'iati.m  in  ne  suiie  v-".!eiit  li'.irn 
the  dry  and  wi  l  si  a.-.ons  for  a  loe.  I'ningras'iiy  sili\  'i'ht-  two  •  a  ral  tne;.s 
levels  cinployed  in  this  anr.ly.sis  are  siiov.  n  in  the  wet  .seas  'ii.  .\  Id.  Ji  nioistnrc 
eondition  also  can  oeenr  during  or  foliowiii':  lieaey  r.’.ins  iii  ile-  di>’  si-a;.on, 
hot  this  condition  usually  oceitrs  infia'iiU-  ntly  ;ind  <l.)',s  not  I,'..,:  long.  High- 
topography  site.s  espo-ani  to  the  .s.anie  we.'.llier  t o;-,, lil ions  v.euM  ;  ,  \ea!  a  nioi'o- 
or-le.-s  pa.ralh'I  moisture  Iran-,  Init  lower  la  v.ilur,-;  of  nmistnre  '■onten.l. 

.Mi.solute  nioii.ture  eontent  v.ilias  uu'ler  lii'.di-maist lu e  ei  'niiti'.n  for  low- 
loiiiigniphy  soils  r.iiigo  up  to  0  hi[:hi'r  theu  v;]li;i  ;;  nndi'r  v.\  t-.'M  ■  ;ji  v  endition, 

(Icpeni’ing  on  soil  t>  pe.  The  coree.'.p-r.iding  did'en  n.-e  in  te;  .f  r.iting  ennc> 
it'.ih  x,  a  luri-surc  of  soil  .•'tieiigtli  di.e-n-M-d  ‘•'.f'.  e  ia  thiv,  pnp'  e,  i'.  -.I  !iut  li'3  o.r.ila. 


Topography-general  wetness  level  categories.  —  For  i)urpi)scs  of  the 
rlnssifiojitinn  srliomi-.  the  lupograpliy  ami  gi'iieral  wetness  level  roferonccs  were 
conibiiu'tl  into  four  eategories  an  follows; 

a)  low  toi>opraphy,  high-moist  m  e  oomlition; 

b)  low  topography,  wet-se;isoii  eomlitioil; 

e)  high  lujHigri-.oliy,  liigli-inoistiire  eondition; 
d)  high  topography,  wet-siason  eondition. 


Kig.  J.  —  (irn.*rhl  ui-liifo  levrK  fur  n  lo\v-li.(in;;r.n>Iiv  »ilp. 


He<  au-.c  of  tile  1' 'lui. viiii  :its  for  hre\it\’,  iliis  i)a|i(  i-  di'Ciiss.  s  tlie  ela.'.-ili- 
C''.li'>ii  for  only  one  e..fcf,nry-h>'v  l<*).iig)aj)liy,  wft-si'a.';,in  enndiiion. 

I'-i.'d  I:  v;., o"".;  L’d-r'c  t'..>':as,  —  'i  hr  -(ii  ii  .seheme 

j:i  a  n'i.illy  .!  Ii-  *iiig  of  soils  in  lo-d,  !■  of  di  ci  i  a>i:i,;  st;e:";tli.  ytiougtli  is 
iiieiis'.irisl  in  ti  iaas  ol  an  i'l  h-x,  te:'’neil  latii.g  coiie  index,  wliieli  is  a  ]jhy.sieal 
evaluation  of  tl'e  l  .iring  .and  tiaietloii  capaeity  of  a  •.'.■Molded  soil,  i.e.,  the 
f  .1  soil.  The  r.diii;;  e..|U'  imlex  is  iihtaim.i  hy  imiltiiilying  n 


tvai(ii-;d’ility 

eoiie  im'e.x  b.v  a  la  molding  imie.x,  'i'ln-  l•.nn■  iinii'.x  i.s  a  nuasuie  of  tlie  iiulial 
-sti'i'iigtli  of  a  soil  (l.rfore  |•^■l•.loIdin!r)  ohiained  I>>  im’aiis  of  a  i-oiu’  ]h'iu'( i oiueter. 
This  iiisl rnnieiit  i.s  ed  of  :i  .'»/.S.iii..diam;'ter,  3-l't-!on;;  st.ilf  with  a 

l/2-si|  in..  dO  di  g’.a*e  eii  viilar  <’oiie  on  one  end  ae.d  a  pi’')\  i!r;  I'iir;,  dial,  and 
hainlle  on  tl'.e  other  I'nd.  '1  he  force  nec.  -  aiy  to  ]u;di  li.c  .  .j  sio.viy  '  'ir'Uigli 
the  sivd  is  la  gi-tered  on  a  dial  that  ratiges  from  (1  to  .'I  'O.  Tli.'  mc.i  .i.a  d  value 
i.s  the  eoiir  index.  Tl.e  remiddi:;;'  index  oht.aimd  hv  snu  j.l  tist  .'euluiuetit  is 
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a  mcasuri?  of  thi-  proiiortion  of  orijimal  stiin^lh  Uial  tltc  soil  will  retain  uiuler 
tRiffic.  If  tho  i-oiu*  index  of  n  soil  is  100  and  tlie  remolding  imlcx  is  0.60,  the 
rating  cone  index  will  Im*  GO.  Th-'  rating  conr  index  is  piirticularly  significant 
in  that  it  can  lie  eoin|iaivil  to  a  vehicle  index,  teiined  vehicle  cone  index,  to 
dotoiniinc  whelluT  n  vehicle  can  or  oannot  lraver.se  the  soil.  If  the  vehicle 
cone  index  is  less  than  the  rating  com-  index,  tlio  arc  may  be  considered  as 
pas-siiblo,  and  50  vehicles  of  this  type  can  pass  in  candid  straight-line  traffic 
or  one  voliiele  can  execute  severe  manetivers  witliont  Irceoming  immt4>ili/.ed. 
If  the  veliielo  cone  index  is  higher  tlian  the  rating  cone  index,  the  area  is 
considered  impassal.'le  for  the  veliicli-.  For  examph*,  a  rating  cone  index  of 
GO  would  represent  a  passable  situation  fur  veliiolos  with  indi'Xi's  of  and  an 
inipas.sable  situation  for  vehieU-s  with  indexes  of  05. 

Correlations  between  vehiele  iieifnrm.nnee  mul  soil  strength  jire  most 
eousislcnt  when  the  strength  in  the  eritieal  >oil  layer  is  considered.  For  most 
F.  S.  .\iiny  veliieles  this  layer  1.  s  ludween  G  and  12  in.  below  the  surface.  Tlie 
elassifieation  seheme  i.s  therefore  m  terms  of  ilata  fnim  this  layer. 

A  eotnjdete  tleseiijdioM  of  inst  ninient.s  and  teelini()Uos  emiiluyeil  in 
iiieiisiu  ing  the  traflieability  of  soils  may  he  found  in  the  paper  «  Measurement 
jind  l■istilnaUon  of  the  Trafii<-al*ilily  of  Fiiie-<  Iraiiied-Soils  » 

Curiulativo  frequency  of  rating  cone  index.  —  If  a  given  soil  type 
Under  a  given  topography-general  wetness  level  condition  always  liad  the  same 
■strettglh,  n  simple  elassifietdion  seheme  in  whieh  tlie  rating  eoiie  iiidex  of  that 
soil  was  compared  wttll  the  velitele  eo'ic  iioiex  eould  lie  del  eloped  to  show 
whether  a  veldeli'  eould  or  eould  not  <  go  >.  However,  tlie  rating  cone  ttidex 
of  n  given  soil  varies  widely  under  a  givi  ii  s*’t  of  general  topography-moisture 
(sjndlt iotis.  Thi-ri‘foie,  the  range  of  rating  eone  indexes  that  can  oeeur  must 
be  eotisidered.  This  was  done  by  drawing  a  <unuilative  freiiueney  graph  and 
using  it  for  v.stiniating  probabilities  of  occurreiiee  of  rating  eone  itulex  values 
greater  than  a  given  value  and.  thus,  prob.ibidtics  of  «  go  »  for  vehiele.s  with 
a  known  vi'liiele  eone  index. 

l-'ig.  ;i  shows  tlie  eiimulative  freipieiiey  (in  per  cent)  of  decreasing  rating 
cone  index  for  a  FSt’S  Ml<  (sill)  uinler  hi\v-iop;igrapli\'.  wet-seasoii  condition. 
.MIj  .soils  for  104  sites  were  used  in  the  analysis.  Fifty  jier  eeiit  of  tho  sites 
had  rating  emie  iudexe.s  giasater  than  77;  this  means  that  vehicles  with  a 
\ehiele  eon  iiid"X  of  77  wmdd  lie  able  to  »  go  »  50  of  tlie  time.  Scvetity.fivc 
jHT  emit  of  the  soils  had  rating  eone  indexes  greater  than  47;  thus  vehicles 
with  indexes  of  47  would  have  a  7-5  fir  jiroliability  of  «  go  ».  Ninety  per  cent 
of  tlie  soils  liad  rating  eone  iaih-xes  giaater  than  02;  thus  lehieles  with  a 
vehiele  eone  iiidt'x  of  02  wouhl  have  a  00  '’r  [irol'al'ility  of  «  go  If  i>rt>hahility 
of  «  go  »  is  sidistiluted  for  euauilnliie  freinteney  in  per  cent  and  vehiele  cone 
iiidex  i.s  substituted  for  rating  eone  index,  a  pi'ob.ability  of  «  go  »  can  be  road 
from  the  gr.iidi  fur  any  vehiele  eone  index.  This  grajili,  as  jirevioiisly  mentiimcd, 
is  for  an  Mb  soil  under  the  hiw-topegrapli\',  wet-season  condition.  Siiailur 
graphs  have  been  de\elo(ied  from  the  data  for  other  soil  types  and  within 
each  type  for  oll-.er  toiiograiiiiy-wetne.vi  lei  id  coinlitiuiis.  The  graidi  for  high- 
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topogrnpliy,  Wft-si'asoii  condition  shows  a  higher  range  of  strengtli  and  thus 
parallels  and  lies  to  the  right  of  the  graph  in  fig.  3.  The  graph  for  low- 
topography,  high-moisture  condition  sliows  a  lower  range  of  stn-ngth  and  thus 
pnrnllols  and  lies  to  the  left  of  the  graph  for  the  low-tot>og. aphy,  wet-season 
condition  in  fig.  3. 


(vtKictt  u>NC  inotx> 

1  .T.  --  Cuiiiiilntis^  J  f t»f  ftittun  t  une  itMifA  fi»r  h  M puil  ufnltr 

low  lopoji?aphy,  w  ct  -m-axh*  oihHi  ion. 

Soil  traClcability  classification  acheme.  —  The  product  of  the  foregoing 
niiiilysis,  the  soil  classification  selioine  itself,  is  illustrated  in  tig.  4.  The 
illustration  iiiclndrs  (tidy  the  more  important  USCS  .soil  typos  and  oj>pries 
only  to  one  of  the  four  topography-\vetnes,s  level  eutegories,  i.e.,  the  low- 
topography,  wet-s<'ason  condition.  (The  complete  .soheinc  for  I'SCS  and  I’SDA 
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Fij;.  4.  • —  Soil  I rftjticability  clR^>iCicatinii  in  term.'*  for  Iuh  ^•*J«r'^f^lphy, 

wcl*M*u>on  c*»ii»Uliof\. 


suil  tyiu-s  will  l)c  iiicliidfil  in  llio  WKS  Jirhiiifal  incmoraMduni  (m-ia  ioiisly 
nu’ntioiK'd  Tlic  prttloniinaiu  soil^  (•(irriApoinliii}'  to  tin-  I'SCS  v»il  tyjie  is 
sliowii  in  llu'  si'coinl  i-ofuiim  of  lio.  4  ainl  tho  soils  iiro  listed  in  llte  order  of 
tlieir  doeieasiiiji  idvdi.in  eoiie  inde.\es.  Tin-  inediini  euiie  index  is  tin-  vnUie  of 
the  ratiiif,'  eoiie  index  at  hO  eninnlative  fre<iueney  and  is  ivpiisented  in 

rio.  4  h\'  the  veliieh*  e<ino  index  value  at  .')0  j>is>l>;ihi!ity  of  ««'>>.  Studies 
have  shown  that  tlu'  SP  soils,  the  eh-an  s;,|)ds.  are  elearl.v  thi>  Is-^t  soils  front 
a  trafiiealiility  standpoint.  I'nle.ss  eoniplieatiHl  h.v  slope  or  nnuso.d  isuulitions 
of  hit'll  moisture,  clean  sands  are  tra(ueal>!e  tti  all  tracked  veliii  hs  .and  wiiis'Ied 
Vehicles  with  the  peojicr  tires  aini  intlatioii  pre.ssurcs,  regar<lles.s  of  the  cone 
index  of  tlie  .sand.  The.v  tlierefore  have  oeeii  "i'en  ii  distinet  jit.-.ee  at  the  top 
of  the  list  ami  have  not  hv'cn  sodijeeted  to  statist ieal  anal.vsis. 

Pirihuliilily  of  4  r/n  ».  —  I’rnlmhiiit.v  of  s  jto »  was  arhiti’arily  classified 
into  four  raM;;es,  and  each  r;in.;e  was  provided  with  a  des, ive  toria. 
ftii-ater  than  prohal'i'it t'  of  w.is  eensid''red  to  he  eve-ll-rit ;  Th  to 

hO  fe,  ['Odd;  oO  to  7.')  ff,  fair;  and  less  th.aii  aO  fr,  poor.  The  iiu-iroiation  is 
preseiitcil  ill  the  sdieine  tfifi.  41  hy  ;i  series  of  bar  "lajihs,  one  ki';.,'.1i  for  caeli 
soil  tyjie.  llata  Used  in  ileterioinin"  llie  divi.sions  for  each  irraph.  i.c.,  the 
vehicle  cone  index  eorrespoiiiline  to  ”>0,  T-'n  and  TO  fc  ju’oh  diility  of  <  jio », 
wore  reail  front  the  ciinnilalive  freiiui-ne.t  trraid)  for  tlie  soil  tyjie  The  veliicle 
eoiio  indexes  for  the  Mli  .soil  at  f-0.  To  and  '.H)  'ju-obahility  of  <  t,'0  »,  a.s 
previously  iiieiitioiied,  were  77,  47,  and  32,  respectively. 

.[pi)liciitii»^.  —  Tlie  ehi.ssitieation  sidienie  iiia.v  be  tmed  in  sevor.d  dilTereut 
ways.  As  an  example,  n.'Simie  three  different  ve'iieles  —  A,  H,  and  ('  —  are 

btoie'  croisitbo’i'H  ffir  T>4.<si!ile  te-;ei.|  n»-.4v  n  K-im.,  Vtlj  ■-■■d!  a  d’.IMn*^  .n 
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period  st>venil  daj’s  nfler  a  rain  in  the  wot  .season,  i.c.,  uiuUr  lo\v-topo<:raphy, 
wet-season  eomlition.  tvv  tl}r.  4.  Wliieie  A  with  a  velnole  cone  index  of  40  would 
have  a  gone)  chance  of  success;  vehicle  B  with  an  indc.x  of  GO  wotild  have  a 
fair  chance  of  suc<-css;  and  vehicle  (*  with  an  indc.x  of  SO  would  have  n  poor 
chanee  of  succ;*ss.  As  another  e.xainple,  assninc  two  ditTcrent  routes  are  being 
eoiisidercd,  one  where  the  soil  Ls  .ML  and  tlu-  other  wlicre  the  soils  is  CII, 
Vehicle  B  with  an  indc.x  of  60  would  Inivc  an  excellent  chance  of  success  on 
the  CII  .soil  and  only  a  fair  «“hiince  of  .success  on  the  ML  s»nl. 

Lmitndutis.  —  The  soil  classification  .scheme  has  eei  tiiin  limitations.  It  was 
bnsc<l  on  infurinntion  for  soils  in  a  temperate  climate  and  therefore  may  int 
ncccs-sjuily  apply  to  soils  in  other  climates  It  is  (piitc  piohable  that  tropical 
soils  will  require  st'pnrate  statistical  aiialys<'s  Ih-causc  ranges  in  pertinent 
trnfficahility  fiaramcters  will  In*  difTcn-nt  for  the  .siime  soil  types.  Limited 
infurinatioii  iinlieates  the  scheme  will  prolsibly  be  a<Ie(piatc  for  subarctic  and 
arctic  soils,  but  this  remains  to  bo  vcrilic»l.  The  scheme  apjicars  limited  in  that 
it  afii>lics  to  level  terrain,  but  this  limitation  can  be  resolved  easily  by  incor¬ 
porating  a  slo|H'  ind ‘X  whii-h  citnsiders  the  detrimental  ciTect.s  of  a  specific 
sloim  on  tbc  vi'liicle  prtibabilit.v  ol  <  go  ».  iTliis  bas  been  do)ie  and  will  bo 
inelnded  in  the  WHS  teehnh’al  nu-moraiulnm  to  l)c  inihlislud  ')•  scheme 
oh\'iuusly  does  not  eovee  obstacles.  ^  ■ 
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Influenza  del  pneuinatici  a  compartinienti  multipli 
suUa  mobilita  fuori  strada  del  veicolo 


Noumax  \V.  Me  IjKou  •) 


ABSTRACT.  —  The  usuaj  approach  to  tire  design  to  chtairi  lehicle  rnobility  over 
\olt  ground,  has  been  the  dCiClopmcnt  o/  a  large  tire  with  lery  tow  infiation  pressure. 
In  effect,  these  tires  are  inflated  large  bags  that  are  circular  in  cross-sredon.  The  very 
large  slee  ot  these  single  compartment,  low  in/Iation  pressure  tire*  presents  a  »iuT7;i)er 
ot  disadrantages. 

Vehicles  equipped  with  conventional  high  presswis  tires  becerrae  mmohilised  on 
natural  ground  (clng)  after  a  rain.  Ueconse-  of  the  tlCep  rut?  they  for’it  in  the  layer  ot 
eery  soft  wit  .'Oil  at  the  surface.  Py  applying  piir.ciptes  of  soil  meciionie.f  to  the  iihiclc 
mcbiiit;/  ptoblem  in  this  case.  It  ia  easily  shown  that  thi.s  deep  rutting  land  cch  cle 
i.ntuoliiiityj  occurs  because  the  lead  on  the  tire  e.rcceJs  the  heari,.g  capacity  Of  the 
soft  soH  layer.  On  the  basis  of  .,oil  incchur.ics  principles,  it  can  also  he  deincnstroted 
that  whc.n  a  lire  rests  on  a  layer  of  soft  soil,  the  benring  capacii/  o/  tae  scil  i.icrcases 
betwren  the  edge  and  the  centre  of  the  contact  area  of  the  tire  ea  ihs  scil.  This 
c'lsenatio,!  pc-r.ts  diiectly  to  a  modification  in  tire  lie.sign  that  woild  t/iiaroie  vehicle 
mohilitp  over  a  layer  of  soft  soil.  Since  the  beanng  capacity  of  the  ectj  hirer  is  lowest 
neur  the  edge  of  the  contact  area  under  a  tire.  nnU  is  highest  at  the  cer're  cf  the 
contact  (irea,  it  is  otiviou/  that  no  admntage  of  this  aHleicncc  in  kcr.r'.ag  cepacit'J  enn 
be  Zacen  irhe.i  unirg  a  coatviidonaj  single  conpurtuient  tire  that  ;;<pU(s  pressure  more 
or  les)  uaifonr.ly  oiiT  the  c.itire  contacl  area  On  tMc  other  han:i.  by  going  to  a 
r,'.'.Ii:p;e  cu.r-^:uime:it  lire  coiisiSiing  cf  two  or  more  aniinhir  co'r.y  rtricnts  spaced 
l/'.f.'a'i  e  s.'b  other  at  dilierrnt  ili-touccs  from  the  cuter 'casing,  a.i.i  by  ir.nutinj  ecch 
c.r!nj<i.'tia''ut  to  e.  .c;i(  pressure,  the  tire  lo.'.d  t’'a!  can  he  ijlaetet  oa  a  Ict  'r  of 
soft  .ril  rti't.-y-t  faitiny  it,  cen  be  greatly  Incrsiiscd  ivltiiout  any  inc.  -' •  ;n  the  Cicrali 
divcr.si.ir.i  of  the  tire.  V-,ith  this  tiii'e  of  lire,  ri.ch  cordiar'ireut  wiil  c.'e.'ect  <i  (Cu.'.'CMnC 
c  ■  :i!  j|  portrou  of  the  conflict  ortai  l.ctiL-ein  the  ii.r  a  id  soil  to  c.  r.if,'i  re.  t  l:i:i£  pressure. 
For  eea'.;i  tt.e  ventre  C'jr.!::.,’-!,;icut  of  the  tire  woeUl  he  inito'-d  to  tl-e  h,-_hrst 
p~LS  -.re  ir.en'n;  th.’  !>.•<:, ir'i  cnpr.iitj  of  a  soft  soil  layer  i.s  h-nhc.st  at  the  c'-itre  of 
the  ccnlr.ct  orej,  The  onfer  y.iirtrient  of  the  lire  leovlU  be  i.'j'ct;  I  tj  the  lowest 
P'-rss.ire  bccac  .■  the  h-.o.riug  cr.pici'u  of  a  soft  .soil  ir.y.r  I.s  least  r.l  the  ■''.'yes  Of  the 
area  Ir.aien  by  a  tire,  lij  iidju.tiug  the  infle.tiou  press  ires  of  the  dije:.::.t  enrr .\',rl::'..s,ils. 
the  brciir.g  c.iyuci'y  of  the  soil  v.'rn.'d  not  iie  ccrecdcd  <it  any  point  under  the  tire. 

Cv’c'.'h'ioi.s  b'-.sed  vn  soil  jiicchauics  tjidion’c  rfint  (iepenriinff  on  tie  ar.tnrc  of  the 
soft  rail,  and  upon  the  irlutiie  si-'c  cf  the  tire  u.id  depth  o/  the  sgli  ’rii  h.yer.  the  hud 
that  can  ^'e  m.-  tieJ  by  ci  ruilliptc  coi.'iiiartmenl  ii;e  can  be  more  t'.n  i  one  hun.irod 
per  cent  greater  than  the  rnas'i.-Ttui'l  Uwd  that  coaht  be  apphrd  by  a  convcutional 
single  cor.ipcrtmcnt  tire  of  the  Siiiae  Overall  d.nie ii cions,  trithout  cnn.'.  '.y  failure  (Cctp 
ru'ting)  of  the  reft  soil  layer. 

The  abili'y  of  n  i  :'.lt-;>;c  coip.parfr.ient  tire  to  aVyly  much  greater  lend  to  a  layer 
of  -oft  fO:l  v.'i'.h'j.'t  fi.i'.-.irc,  than  a  single  ccenpurloieiit  tire  of  the  sa-nc  size,  can  be 
tardy  dc'i’.crstralcd  by  simple  icc.rhir.g  rn-idels. 


)  Asplidll  i'liii'Ull  Mit ,  Ir.ipvripl  Oil  l.imito-l.  Tcrnatn  (  Oaiarii).  Cnnuilii). 


Synopsis 


Tills  jiapi'r  imlifiiti's  that  on  the  basis  of  well  known  iiriin'iples  of  will 
meebaiiios,  u  layer  of  soft  soil  eiin  sup|)ort  a  ^treater  loiul  aiiplied  by  u  multiple 
coinpartineiit  tiro  than  by  a  eonventionnl  single  eoinpartnicnt  tire  of  the  same 
overall  dimensions.  L'nder  eunditions  wlieiv  space  for  tires  is  limited,  this 
{Treater  load  earrvinjT  capacity  of  iiuilti|ile  eoin|)artment  tires  could  bi‘  utiluesl 
ndvaiitajreonsly  for  off-the-road  niubilily  over  a  layer  of  .soft  .soil. 


Introduction 

Vchiele.s  e(|uipiicd  willi  euliveiilional  hijrli  iiressuiT  tires  become  imnio- 
bili/.ed  on  a  la.x'er  of  -soft  soil.  Tlie  soft  soil  may  consist  of  loose  sand,  or 
u  layc-r  of  .soft  clay  soil  that  forms  after  a  rain.  Iinniobilit.v  resutt.s  when  tin- 
load  on  a  eonveational  tire  exceeds  the  hi-ariii*;  capaeity  of  thi-  soft  soil  layer. 
Deeji  ruts  develop  lieeause  the  ovc-rloailed  soft  soil  is  vpiee/.ed  out  laterally 
from  under  the  tire. 

One  method  for  ptovidinj;  vcbiele  mobility  ovi-r  soft  viil  employs  lat-oe 
tires  of  suelt  low  inllation  i>res.sure  that  the  Ijearint;  eaiiaeity  of  the  soil  is 
tiot  e.seeeded.  Tlie.se  lar{:e  low  jir«*ssuee  tires  tetnl  to  lloal  the  load  over  even 
very  soft  soil. 

It  is  tlto  pui'iiosc-  of  this  paia-r  to  des<-ribe  another  jiossible  method  for 
aeliii'ving  vehie-le  iiioliilily  over  a  layer  of  soft  soil.  Tliis  method,  which  involves 
a  tire  eonstruoted  with  imilti|ile  tnore  or  less  eom-entrie  annular  eompartmeiits, 
results  from  tin-  ajipliration  of  well  known  prineijilc-s  of  soil  ineehaiiies. 


Convcutiocal  single  comparticeat  tires 

1)  High  pressure  tires.  —  In  lifrure  I,  the  ;ariation  in  ju-cssure  on  the 
t rails VI  r.se  axis  of  the  cotitaet  area  foenied  by  a  loaded  coiivent Iona!  tire  reslin,™ 
on  a  ll.it  surface  is  indicated  li.v  the  curve  labelled  c  tire  pressure  di-itribiition 
curve  •>.  The  ine^sure  ri>es  (piiekly  from  /.ero  at  the  ei!;.;e  of  tlie  contact  ari-a 
to  a  Jicak  jiressure  due  to  tire  w.dl  stilTluss,  falls  olV  sli;;litl\'  at  ta.e  ceiitis- 
of  the  eontael  area,  rises  to  a  second  jicak,  and  ajjain  falls  olT  raidcll.v  to  /.ceo 
a.s  tlic‘  other  ed^re  of  the  eciiitact  a.^.-a  is  a]i[troaeheil  ‘. 

The  ilitVcrciu-i-s  in  load  carr.viiio  caiiacity  of  a  layer  of  .soft  soil  at  point.s 
along  the  transverse  axis  of  the  coiila.i-i  area  under  a  loailed  eonventional  tire 
is  shown  in  figure  1  by  the  curve  labelled  «  .-.oil  strength  curie  ».  Tiio  {rradual 
inereasi-  in  strcti.glli  of  the  la.ver  of  soft  soil  bef.vei-n  the  edge  and  the  c-eiitiv 
of  the  contaet  area  is  duo  to  tin-  frietioiial  resistances  between  the  soft  soil 
layer  and  the  tire,  and  between  tiie  s-ift  soil  la.vee  and  the  iieiner  soil  on 
wliieli  it  rests,  .liirgi  iison  •’  made  use  of  these  two  fi  ietioiial  resis'.atiees  in 
liis  sipieeze  test  foe  measuring  the  sliearin.g  streiioth  of  ehi.i'.  Ineidi-ntally. 


—  m 


•Turgonsoii’s  s(jui'e/.c  trst  shows  that  thp  loa<l  carrying  cipnoity  of  a  layer 
ot  soft  soil  incivjises  '(K>twpon  the  tnlgc  and  the  centre  of  the  loaded  area, 
and  provides  verification  for  the  general  sloi>e  of  the  «  soil  strength  curve* 
of  figlUX'  1. 
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1.  —  Uhi.xt  ralini^  t»vorl«iai!tn;'  «»f  a  layer  of  ?oft  noil 
Uy  a  C'»u vciuional  j»r^‘>.Hurc  truck  tire. 


'1  lie  general  ni.ialiuii  entplo.wu  Tor  caleul.i! l)r ,  points  on  the  «  soil  strength 
carve  »  <if  figure  1  is : 

i  /  1  +  sin  i!  I  +  sin  ip  1  +  sin 'I' 

V  =  Jo  1/ - ,  jcK  I- - ( - 't 

f  1  —  sin  >I>  I  1  -  -  sill  >t>  '•1  —  s'n'l'  ' 

(t  t  +  sll|<t» 

+ - a>  +  Q)  to  +  V'l:oi-I*)  ( . . )  U) 

t  - Mil  '!•  ^ 


where 
V  - 


slrcngtli  ill  p.-'.i.  (lovcloi)otl  Ity  tlic  soft  soil  favor  nt  any  jiolnt  on  tfic  contact  nrea; 
unit  colicsion  in  ji.s.i,  iil>(niiic<t  t'rian  tlio  Molir  «li;:grniii  fur  the  soft  soit; 
niiglc  of  internal  friction  otilniiicd  from  tlic  Molir  iliiigniin  for  tfie  soft  soil; 
a  con.^lniil  wliicli  miiy  lie  taken  cqimt  to  unity  for  coiisci  vative  design; 
ratio  of  frlctiuinil  rosisfaiue  fV'  hetween  the  soft  soil  ami  the  tire  to  the 
slicanng  rcsislaiuc  of  tlic  soft  soil  rc|>rc>cntcil  hy  the  Conloinl)  equation  -s  — 
c  +  V'  Inn  ‘h,  iiiij  llierefuro  has  a  leiiNiiainii  value  of  unity; 

ratio  of  frictional  rcsislame  gV'  hetween  the  soft  seal  laver  and  the  firmer 
soil  lielow  to  the  sliearing  ir'islaiice  of  the  soft  soil  s  —  e  +  V'  tan  'P,  anil 
has  a  iiin\iiiinni  value  of  unity; 

coelVii'icnt  of  friction  hetween  svift  soil  layer  and  tire; 
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s:  rix'llii-ii-iit  of  fritdii»n  hctwct'H  soft  soil  Inver  «ni1  llie  fiinirr  soil  l)olo\v; 

distniu-o  in  inolics  fnim  the  oiIkc  of  tlio  miilnrl  nren  to  any  poitil  on  llie  ((mlnrt 
nri'n  wlicrc  the  vninc  of  the  strenj;th  V  «ir  llie  soft  soil  Inyer  is  rt‘<|uirod; 
t  --  lliii'kness  of  the  sort  s<iil  layer  in  inehos; 

V'  “  tlie  uvernt;e  vertiial  pressure  exerted  liy  the  f.ie  helwri-n  llie  edpe  of  the  ooiilacl 
nixn  noil  any  point  on  the  tsailait  ar\»«  alien-  tlie  streiielh  V  of  the  sott 
s«iil  Inyer  is  nspiirtsl. 


Vi;'.  "J.  —  I Ihi't rnt ill;;  inatiility  nf  a  loiv  jirr-  -::r<‘  eein  I'liliMiiii!  lire  to  iilitir.e  tlio 
pyteiitiiil  load  rai  r.\  in;;  eiv;ia‘'ily  <>f  n  lii_\  er  of  soft  soil. 

Tlie  ile’.iviil ion  of  eciuatioif  (1)  lio.s  la'i  ii  els''\v!;ero 

For  the  liiyoi'  of  .s<»ft  s-oil,  e  -  11  j'.s.i.,  »I>  lO",  ;mii\  (>  iiielu's  lliick  .sliown 

in  /i^'iiiY  1,  till.'  streir-jlh  etuve  for  the  l.-'ver  of  scift  soil  Tu  s  well  helinv 
tlic  cnive  ff'iH’rseiitiiio  tlie  lire  iife.ssnrc  ilist riiiul ion  ocioss  the  lootiut  Jiroa. 
l'’i>;nie  1  (leimnislinles  very  ele;irl,v  tliat  a  loraied  eoriveiitionol  liiyh  ]nessuve 
truck  tire  will  cxecej  the  .'triii;;:'.i  of  t’li.s  .>,,ft  cloy  Ijiyer  1),\'  ;i  very  w  ido 
iiiiU'i^in.  The  .soft  soil  layer  will  fail  by  lH'i:y;  siiocc/od  oiU  froin  iiiidcr  tlio 
tire  and  a  ilccp  viit  will  form.  It  is  for  this  icasuii  tnirks  niul  nil  otlicr 

vcliicles  d(uipi)i'd  with  tires  iiillated  to  iii};h  or  e\eii  to  moderate  I'l’essiires  lose 
off-tlK'-road  iiiiiliility  when  the}  e!;ix.>niUei'  a  hiyer  nf  soft  .soil. 

2)  Low  pi'orviiro  tirra.  —  Figure  2  illustraii.s  tlie  e;ise  whi.ro  vehicle 
mobility  ovtr  a  Icier  of  soft  soil  is  achieved  b}'  r.sin;.;  a  lanje  lire  with  a 
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wrj'  low  inflation  prrssun*.  Tn  ofTi'ct,  some  of  those  Ijros  an?  bnsicnlly  iiirtntcd 
liapa  of  rireulor  cross-scction. 

As  (lonionstratod  by  2,  the  eiirvc  repn' seining  tlir  clisti  ihntion 

of  lire  pressure  niny  lie  well  below  the  strength  eurve  for  the  soft  soil 
la.vrT  across  nil  or  most  of  the  eontaet  mcB, 

FiKUi’ea  1  nml  2  make  it  clear  that  with  eoiivt  iilional  single  poinpnrtnient 
tires,  only  a  portion  of  the  potential  load  carrying  capacity  of  a  layer  of 
soft  soil  can  be  utilixed.  A  conecnlional  single  /''inipartinent  tire  a])plTcs 
pn.*sNnrv  more  or  less  imiformly  to  the  (snitaet  an-a,  whereas  tlte  strength  of 
a  soft  s<iil  layer  iiiereases  from  the  edge  to  the  centre  iil  the  eontaet  area. 


(a)  (b)  (t; 

UKtOAOcO  UCiAKO  CONTACT  ftbiCA 


IJultiplo  compart-rcout  tires 

Fig. ire  ;l  illustrates  a  multiple  ciitn|vir:ment  lire.  U  cousisl,';  of  tM’o  or 

it'.oix'  aniiuiar  eoiuparliin  iits  sju'eed  at  iliiVereut  •: i  -laiu'es  from  the  outer 

g.  Fech  euin;. art  iiu'iit  can  he  inllateil  to  a  di  .  '  H  iit  jivi'asure.  I’ndoi'  an 
.ippli.'il  wheel  l<;aii,  tlie  tire  (h  dci-ts  Oi-  i’.a’.ter.s  au'I  t!;i-  t  oio.i.-t  area  is  suh.ii  eted 
to  ili  Vi'.-eiit  ui;it  I'l i  j-sui'', s  as  iltii.-i  i at' d.  by  i'gu'S’  d  .'ei.  'i  ia  se  eati  l;P  ii'ierea-sed 
ic-tui  n  ill'.'  I'dge  aiul  the  eeiiiie  of  the  veu.tact  a'.'..!  a-; 

The  al'ility  of  a  layer  of  s  li't  .'aiil  to  ire.pyor;  .\  'iii  .aaT  load  a;)ldi''d  by 
a  tr.c.itijde  cLaopartiuciit  tiro  than  by  a  sit; yie  eeio;  i '.i.a  at  tire  of  tlie  same 
siia’,  o  lu  t)e  easily  'leiiionstrat'  d  by  a  siiai''i'  •rxi'-.  i'u.ii  a!,  h'ill  a  :aialli.e,v  ]mri 
v.itii  is'atively  iiii.stalile  .satid.  lMr.ee  a  regulatiott  ;  ■  or  h  olb  ill  or  baslcctlatll 
cii  tl.'’  layer  of  siitid  a’ld  ajijdy  pi  es■^^^lv.  Tie.'  ^  -.r.il  is  disjiliu  ed  under  a 
ir.uderali'ly  light  load.  Next  insert  a  standai.l  leui.X  l  ull  into  a  toy  balloon, 
iiral  ia;l  It'.'  ibi'  balloon  to  liie  si/.>'  of  the  fonlhall  or  ba  .Isetbal).  Place  the 
iutt.ited  ii.illjcn  I'OUtaining  ilie  tennis  ball  on  the  I  'yer  of  aa.nd.  'I'lie  weight 
of  a  i’latl  ea:t  be  eNertcd  on  the  lelui's  ball  wiib-.nl  causing  the  layer  of  sand 
to  d.i>,  !aee. 

Fig'ni'  4  illusti Site.s  tl'.c  ini-rri.se  in  total  wleel  heal  that  eouh!  be  a;)|iiied 

to  a  l.ieer  of  soft  ihsy  coil,  4  iueli-s  thi'-'h,  for  o.l  leh  c'  d  p.s.i.  and 

<I»  —  10',  by  moans  \)f  a  2  eomp.ir'.tneiit  tiro  MG  X  'Jf'  X  10  irerhes,  rs  (oniii  iied 


\v»;h  ;t  siiiuli'  compaitmctit  tuv  of  tlio  .snino  (limctisiDiis.  Tho  coiitju-t  nica  is 
iissmiUHi  Jo  lir  s(,iiitiv,  and  tlio  splicing  In'twooii  the  iniier  ami  outer  c<iin|)arttneiits 
of  the  ‘2-iM)in|>iii  tiiii'iit  tire  is  3  inelu's.  The  safe  wheel  loud  is  10,!)40  |)i)Uiids 
for  the  2-eontpartiiieiit  tiiv  versus  3,000  |)outids  for  a  eoiiveiitionid  siiinlo 
coiujiartmeiit  tire  of  the  same  si/.e. 
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i  Ihel  r" rni,j  lisul  <’ii]Ku'ity  nt'  .1  I'uiururl  iiu'iil 

Ciiiivrni iiiiinl  lire  tin  4  isclirs  ol'  >.U't  pliiv. 


'i'lie  iuerease  in  wheel  load  on  llie  '2-eoir.iiarti'irnt  tiie  is  ae'iieved  by 
iiilhitioj;  the  inter  eompanmenl  to  20  irs.i.,  and  tiie  inner  ri'niparleiieiil  to 
do  p.s.i.  As  illustrated  by  tijjure  4,  these  inihitinn  prissuns  paoiiile  a  tire 
iH’essuve  distiibntieu  curve  that,  more  nearly  eoineides  with  the  sti'eie;lh  eurie 
of  this  jai i'l n-lihu'  soft  soil  la.'.er.  In  eer.er;;!.  tlie  enne  i epv'.'-entil’.o  tlie  tire 
pres'iire  on  tlie  eontaet  aiea  lies  liv  low  the  soil  strelijZth  eiirve,  the  two  eiii  vis 
beiii;;  t.iiii;ent  to  eaeh  other  at  two  poiiits,  t 'onseipient ly,  while  the  soft  soil 
biyer  will  be  eoiojiresseil  soniewiiat  under  tlie  2  eompa rl Mii-nt  tire  loiided  to 
l(),!l',l)  jvunids,  siiiee  the  >'.treiu,th  of  ih.s  layer  is  iiot  exeeeihd  at  any  point  on 
the  eotitaet  area,  llure  is  no  lendeney  roe  the  biyer  of  sott  sod  to  la.'  sipaee/.ed 
out  freia  nnder  tbe  tire. 

h'p.U.re  t  iliU-tr.ites  the  tuo  h.i.s;e  o!iji-eti\e;  of  nniliilde  eoio! 'Ill  a  Hunt  tiles; 


n)  to  more  I'fli'oHvelv  utili/.t'  llie  i><>tential  stjt'iioth  of  n  soft  soil  layer, 
wliich  ini.:;'usos  from  tlio  odno  lo  the  en'.tiv  of  the  eontnct  ai'ca; 

b)  to  (loat  the  loaded  wheel  over  the  soft  soil  layer  without  causing  it 
to  fail  by  lateral  disidaeement. 

Figure  jirovides  a  similar  comparison  between  the  two  types  of  tire 
const  ruction  for  a  fi-iiich  layer  of  unslaidc  sjiml  for  which  c  =  0  and  <1»  =  30*. 


ftik&ca  QM  UtMlA 


5.  —  rut  iii}4  iiicrcii>C'l  loa«l  Miippnrlit*;;  cnpurilv  t»f  coiupurtmciU  vor.Htis 

v‘<Mivciit)uii<'tt  lire  vn  G  hulics  uf  wcuk 


In  this  ease,  the  safe  wheel  load  for  a  single  e<imi>artriKiit  31)  X  'JO  X  30  inch 
tiro  is  r),000  |umnils,  hut  is  lO.oSO  pounds  for  a  2  eoini>artincnt  tire  of  the 
s-nne  dimensions. 

Table  I  lists  eoinparative  data  ealeubited  for  a  2  eomiiariment  tire, 
3G  X  ‘20  X  10  inches,  serstis  a  eonventional  single  eonip.ntment  tire  of  tlie 
same  si/e.  The  data  compare  the  safe  iiiaximnm  wlieel  loads  that  can  be  applied 
by  the  two  types  of  tires  to  a  1-inrh  and  to  .i  G-ineli  layer  of  s(,)ft  ebiy  soil 
for  wliieh  e  —  3  ii.s.i.  ami  '1>  --  lO",  and  lo  a  4-iiU’h  and  a  G  ineh  layer  of 
unstable  sand  lor  wliidj  e -M)  and  -  tlO".  In  all  ea-es  the  sparing  bi't^'.ecn 
the  outer  and  inner  eimip  irlnnmts  of  tlie  ‘2-eiim(iartmenl  tire  is  13  im-lu's,  and 
the  eoiitaet  iiiei's  of  the  tire;;  on  '.he  soil  are  a.-sumed  to  be  soitnre.  The  data 


of  Table  1  for  U»p  -l-ineh  soft  clay  biyor,  and  for  the  6-iuch  layer  of  unstahla 
sand,  arc  jllustrntc<l  in  figures  4  ami  fi,  respeetively. 

The  figuren  in  the  right  hand  eolunut  of  Table  1  indicate  the  per  cent 
increase  in  the  s-ife  wheel  load  that  could  be  applied  by  employing  the  2-coni- 
partinont  tire  rather  than  a  single  compaiinu'iit  tire  of  the  wime  size.  The 
increase  in  wheel  load  ranges  fj-oni  26  i)er  cent  for  the  6-inch  layer  of  soft 
clay  soil,  to  155  per  cent  for  the  4-ineli  layer  of  unstable  sjind. 

It  IS  rccoguizcd  tliat  much  n-maius  to  be  learned  about  the  ica<  tion  between 
a  tire  and  the  ground.  However,  unle.ss  i-ertain  n.s.suiiiptioiis  arc  made,  based 
upon  i»rinciples  of  soil  luwliauies,  anil  concerning  the  reaction  between  ground 
and  tire,  it  is  not  po.ssible  to  undertake  the  ealcuhitions  n'lpiircd  to  guide  even 
an  initial  testing  piograin.  t*onsci|Ucutly,  the  ealeulatisl  values  listrd  in  Table  J, 
and  il  1  list ni ted  in  figufi-s  4  and  5,  for  loads  and  inflation  prcs.siucs  tjial  may 
1k'  applied  l»y  tires  of  diffeiviit  de.signs  to  a  layer  of  soft  soil  without  causing 
it  to  fail  by  lateral  di.sjilaeeineiit,  may  not  la-  quantitatively  correct.  Nevertheless, 
since  all  ealeidalions  weiv  made  on  a  similar  basis,  the  comparisons  sliown 
b-'tween  the  inaximum  toads  that  can  lx‘  applied  by  the  single  and  2-eoin()artmcnt 
tires  should  have  some  Viilue  as  a  qualitative  guide,  at  least  for  the  static 
eondltiou. 

Tests  by  tho  Defence  Re.'tcarch  Board  of  Ccjiada 

Tlic  ItetVnee  Ile.search  Hoard  of  Canada  has  published*  the  results  of 
sonic  large  scale  tests  made  with  a  2-eompartu)ent  dii  X  20  X  10  ineli  tiro, 
and  with  a  single  eonquirtineiit  tire  of  tlic  .same  dimensions,  siinilnr  to  those 
for  wliieli  the  data  of  TaMc  1  were  ealeiilated. 

V’ery  brlelly,  their  lludiugs  were : 

1)  <M  a  ligid  surface,  the  pressures  exertixl  on  the  contact  area  by  the 
3-eom|)artmetU  tire  corrc.sponded  very  closely  to  those  estimated  from  the 
difl'erent  inllalion  lu•e^y^ur<•s  applied  to  tlie  two  compart mnnls. 

2)  controlled  wheel  load  test  over  a  layer  of  .soft  sojid  indicated  no 
inefeasi,'  in  load  carrying  eaimeity  for  the  2-eoiiq>ai  inient  tire. 

3)  large  increase  in  diawhar  pull  was  oliservcd  when  the  loaded 
2  ('oiupar1ment  lire  was  pulled  over  a  layer  of  soft  s.ind,  a.s  compared  with 
the  single  eonii»artment  tire  of  the  same  dimensions. 

4)  Failure  of  the  layi'r  I)\‘  lateral  liisplaecaunt,  and  slippage  of  thn 
tiro  occurred,  when  the  2-coniiiarlim'nl  tire  was  juilled  over  a  layer  of  quite 
unstable  sand. 

Discussion 

It  is  useful  to  consider  why  llic  full  scale  trials  by  the  Defence  Ue.seareli 
Board  of  Canada  did  not  verify  the  better  vehiele  mobility  iner  a  layer  of 
soft  soil  that  might  have  been  expeeti  d  for  the  2-v.omj>.trt  nient  lire  on  the 
basis  of  juinciples  of  soil  mcehanics,  and  the  ealeiilated  value.i  listed  in  Tabic  1. 
It  is  believed  that  tlicre  arc  two  quite  .simple  e.xplaiiaiions. 


'  a)  Thoiv  was  suflRcu'nl  siiikaj;c-  of  tho  *2*i'otnparli«ei»t  the  into  the  layer 
of  unstublc  saiiJ,  Ihiit  the  outer  easing  was  foUletl  against  tlie  casing  of  the 
inner  compartment.  Cjnsefpienlly,  tlic  2-coini)in‘tnu'nl  tire  -A'as  acting  in  this 
en.se  ns  though  it  consistetl  of  only  the  inner  eompmtmcnt.  This  has  been 
pointo«l  out  by  White  *. 


Tvhi.E  1.  _  Crm/utri^oH  tif  maximHiii  toatla  siipiiitrled  hij  hii/iTH  nf  mift  snil  vhett 

by  .3-(7iM»/nirf mriil  <•«<!  conffutiuniil  i-'DiiiiirtniPiit  tires  of  the 

Millie  ovi-raH  dimeiiainiis. 
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1)  0.(*.  ~  ouf**r  rvin|»effrnenf. 

2)  I.C.  *»  infltT  ccni|‘Ani»‘voi. 

I'll  which  ilntH  uf  t.'.ble  1  afc  ha.-C'l: 

1)  l.iiu'l'vl  railiu!':  ITt  inches.  ...  •  ,  •  s 

urea:  -')  ln>'lu'i<  .'i|u«fe  (Inn-l  on  tiro  ilivi'lfil  hv  iiilliit inn  pre-^iire). 
a )  S|ineiii;;  Im'Iwoii  limiininries  of  coiitHCt  nrcu.'i  uf  iniier  oii'l  outer  ciunl'hrt  inciili'  of 
i-ciiiiii>*r; iiu'nt  tiro:  3  inches. 


It  i.s  a  nijij'ir  fuiietion  «if  the  outer  eunipai  tmeiil  ol  ti  i-coiiipai  tnieiil  liio 
tti  jiliiee  a  inii%iiinim  vf  ivsiraint  «ii  the  layer  of  k'jiI  without  overloiuliiig  it, 
llieivby  ineiTiising  it.s  stubility  atul  enabling  a  liiglter  presstne  to  In-  applnd 
bv  the  inner  euiuptii'.ineiit.  'I’ius  biglior  unit  pre'sine  e<miiot  be  app'ietl  by 
the  inner  cmiiiiaitinent  when  tlie  outer  eoir.pail meiit  fails  to  lunctiiui  as 
inteiiileil.  The  thita  li.stcl  in  T.ii.le  1  are  I).o,e.l  on  tl.e  as-anuption  tliat  there 
is  a  spjieing  of  :i  inelie.s  b<,tuc-en  tlie  bouiiihiries  of  tlie  eoiitaet  iUeas.  ol  the 
tiuter  anil  inner  conipaitiuents,  that  i.s.  the  intlati-'ii  pree.Mirc  of  tlie  outer 
eoiupartment  is  inteinleil  to  act  as  ,i  resiraiiil  on  the  soil  layer  uinler  the  outei 
U  inehe.s  of  the  eontaet  ami.  Ib-eair-e  uf  tire  siiiktii'.e  into  the  hiver  of  saml, 
with  le.sultiiig  temleney  for  tlie  etising  of  tlie  out-r  eoiuiiarlinent  to  lohl 
against  that  of  the  iimei  eoinpaitiueiit,  tlie  s|).U'iiig  betwieii  the  liouinlaiies  of 
the  eontaet  arens  of  the  outer  a.i.t  iuiier  coiuiiarlim'iits  seems  to  Imve  lnvg"ly 
(lisapiieami  in  this  ea.se,  am)  as  reporletl  tiy  White  \  tlie  ’2-eompaitnient  tne 
ach'd  as  (ImUgh  it  coiisisteil  of  only  the  inner  eoiupiirtiiu'nt. 

In  view  of  the  tire  sinkage,  and  the  resultin;,'  eurva'uie  of  tlio  contact 
ar  a,  that  is  inevitable  on  soft  ‘  .ols  even  when  no  lateral  disiilaecmeiit  oecuis, 
it  .ilmiihl  1)0  emnliiisi/.ed  lliai  it  is  the  spacing  between  the  /imuo/i'"/  p/o;»tfioa.s 


of  the  boiimlitrics  of  tlic  lontnct  areas  of  tiic  outer  and  inner  eoiupaiiinenta 
tbat  Lecomes  imixirtanl.  operntioii  over  a  layer  of  soft  soil,  it  is  evident 
that  the  spneinjt  between  the  easin};s  of  the  outer  and  inner  eonipartmcnts  of 
the  experiinenlnl  2-eoin])artnient  tire  used  in  this  ce  ■,  was  inadcfiunto.  To 
establish  the  optinuun  spaeing  between  thew  ensiiip  rould  require  further 
fall  scale  teats, 

b)  The  Ini-ger  drawbar  pull  (3.28  limes  great  for  the  layer  of  weaker 
satnt)  incnsni-etl  for  the  2  coinpnrtmeiit  ns  eoinj)nred  with  the  conventional 
single  eoinpartnieiit  tire,  can  also  he  easily  explained. 


of  ii  conipfirl inCMl  lire  lo  rofiuc  in«U*jH‘ntUntly  t»f  each  (*thcr,  llicrcl»y  cliiuiunting 
friction  between  oxitor  ami  inner  cHbinjj.i, 

Ihith  (•iimivirtnients  of  the  (•xperimoiitn!  2-iompuitiiU'nt  tire  were  numiited 
ou  the  same  ri’.u,  e.g.  figure  3.  Ibcause  of  the  spacing  of  about  3  inebes  between 
til*  easiiigs  of  tlu*  outer  and  inner  eoiiiitarlnunls,  the  eireuniifiMence  «if  the 
o'.jter  casing  was  about  b  iiicbes  or  so  longer  tliim  that  of  the  inner  onsiiig. 
Co'isispieiitly,  ns  the  wheel  nilatcd  when  piilU<l  over  the  layer  of  stmd,  it  ^eus 
n- Cl >1-;: ry  for  the  inner  .surfaee  of  the  outer  casing  to  slide  over  tlie  outer 
surfaee  of  the  inner  casing.  'I’lii.-i  bad  a  similar  overall  efeet  to  tlie  a\ie,lipiition 
of  a  braking  force  to  the  wheel  to  wl.icli  tin*  2-coini)arlim  nt  tiie  was  attached, 
and  was  ehieily  resjuiiisible  for  the  ob.servcd  increa.se  in  drawbar  pull.  This 
hr.d'.iiig  foreo  due  to  frieliou  between  the  two  casings  where  they  came  together 
iivi-r  the  euntaet  area,  Was  large  enough  during  the  trial  over  tlie  weaker  of 
the  two  sands  loteil,  to  cause  the  tire  to  paitly  skid  as  well  as  roll  on  tlic 
.'Uiface  of  the  sand  !.i>er.  As  a  result,  progressively  deeper  rutliii,;,  and  failure 
of  the  sand  lavi  r  by  lateral  disphin  nieiit,  oei  urred  as  the  2  cumiiartnicnt  tiro 
was  piillisl  over  it.  In  this  ea.se,  appreei.dile  skidding  or  slipiiage  of  the  tire 
on  the  .surface  of  the  .sand  would  be  expMled  as  soon  as  the  braking  force  on 
the  vliecl  due  to  friction  between  the  two  easii.gs,  ii]ipii)aebed  the  frietioiial 
force  jirovidisl  b\  the  coeiaeieiit  of  frktiiui  helweeii  tlie  outer  easing  and  the 
ss.inl  (sbonriiig  sit  iigtli  of  tlie  sand). 
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Tlic  failui'c  of  tlkc  sand  by  latpral  dis|>Jiiceinpi)t  under  tlie  tire,  that 
JUTonipanied  the  slippage  or  skidding  of  the  lire  on  the  sand,  provided  deeper 
rutting  that  also  eontrihuted.  to  greater  <lra\vl)ur  pnll  for  the  2-eon4part- 
mcnt  tire. 

The  results  of  the  tests  made  with  this  fii-st  full  .sealc  mo<lel  of  a  2-compart- 
nicnt  tire  ns  reported  hy  White make  it  apparent  that  the  probleir.s  presentee! 
hy  the  frietion  hetwi'en  the  easings  of  the  outer  anti  inner  compartments 
where  tlvey  eojjie  togt'ther  over  the  eontaef  area,  must  Ik?  solveel  before  the 
2-e(»mj)artineut  tire  is  nhle  to  function  ofTectivoly.  No  anti-friction  lubricant 
is  likely  to  l)e  .snftieiently  siitisfaetory.  One  im-thod  tliat  ndgl.t  l)e  employed 
for  this  purpos4'  is  illustrated  in  figure  6.  It  consists  of  mounting  each  easing 
for  n  2-eonipartment  tire  on  a  separate  rim.  with  one  rim  capable  of  free 
rotation  on  the  other.  This  arrangement  would  eliminate  the  frietion  lictwcen 
thic  casings  of  tlu'  outer  and  inner  cumpartie.ents  due  to  ilifferencrs  in  their 
circumferential  Icngth.s. 

.^l>aec  limitations  j)rc\ent  any  general  di.siiissioii  of  other  factors  related 
to  the  use  of  innlliplo  conipartnient  tires.  However,  some  of  these  have  l)een 
referred  to  ehsewhcrc  ‘. 
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Conclusions 

1)  MultipK'  eoinparliueiil  tins  sliould  he  eoiisidcieil  for  impreiviiig  ofT-the- 
road  veliicle  mobility  under  the  following  conditions; 

a)  When  tlie  soft  soil  exists  as  a  .surface  !a\er.  As  shown  l>y  ei|natiou  (1), 
the  eflVi'tivciiess  of  a  multiple  compartment  lire  dt pends  ujion  the  ratio  of 
width  of  tire  to  depth  of  soft  soil  layer.  Its  effectiveness  in  terms  of  load 
.su|)|)orting  e.ipaeity.  as  oomparod  with  that  of  a  conventional  vsingle  euinpart- 
nient  tire  of  the  s;ime  size,  is  iiierea.sed  when  this  ratio  is  liigli. 

h)  When  tlie  space  available  for  wheels  and  tires  must  be  limited.  This 
<'<inilit ion  eould  exist  wlun  designing  landing  gear  for  airciiiit  intemled  to 
ojierate  on  natural  ground.  It  coubl  also  l>e  eneountered  in  the  design  of  land 
veliieles  of  various  !;iiu!s  sueh  as  truehs,  eon-.lrii<  :ion  iqui]nueiit,  agrieiiltural 
machiiier.\',  etc.,  for  opei.iting  elT-tlie-roa<l.  Vt'henever  the  s.[)aee  available  for 
wheels  and  tires  on  the.se  veliieles  is  a  critical  faeinr,  the  greater  load  eanying 
capacity  of  the  miiltiplv*  eompariinent  lire  over  a  layer  of  soft  soil,  could 
]iiovide  an  imimrtant  advantage  over  eon vi-ntioiial  tiios  of  the  Siime  size. 

2)  More  full  .scale  testing  is  recp.iireil  to  estabiisli  optimum  eoiiditions  for 
Use  of  tile  multiple  eoiiijiartment  tire,  and  to  eoaijnire  its  effect iveiiess  with 
that  of  alternatiw  methods  whieh  might  be  employed  to  improve  vehicle 
mobility  over  natural  terrain. 
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dinltiag  of  the  diiigninis. 
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On  the  slip  and  the  tractive  effort 
Sullo  scorrimento  e  lo  sforzo  di  trazione 

A.  I>.  Sei.\  •) 


ABSTRACT.  —  The  track  or  the  wheel  of  a  cehicle  transfers  to  the  soil  horizontal 
forces  in  order  to  move  the  vehicle  forward.  The  soil  reaction  to  these  forces  induces 
shear  stresses  that  are  followed  by  sheer  displacement.  There  is  a  sound  relation 
between  these  stresses  and  strain  and  it  depends  on  the  soil  characteristic. 

The  soil  displacement  alon^  the  contact  of  the  track  and  the  ground,  and  due  to 
that  the  shear  stresses,  are  to  a  great  ortent  influenced  by  the  track  shape,  dimensions 
and  other  characteristics. 

The  study  of  the  interrelations  of  the  track  and  its  characteristics,  the  soil  and 
its  characteristics  and  other  conditions  that  arc  developed  fa  (hiJ  track -soil  system. 
enables  arriving  at  a  better  vehicle  design,  with  better  traOicaluiity.  and  in  this  particular 
case,  better  traction,  that  will  be  specially  fitted  to  any  ki.nd  or  to  a  particular  soil. 

The  soil  displacement  along  its  confeef  with  the  track  depends  on  the  rate  of  slip 
and  the  distance  from  the  first  contact  FtKat  of  the  track  and  the  ground. 

a  —  is  (J) 

U'atc  of  .-‘lip'f. 

Indian*")*  from  fir?t  I'onlart  (rui), 

Soil  !<hf«r  (liiiplari'nioiil  (■■tu'l. 


IVft^n; 


I 
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The  shear  stress-displacement  r«/a(ioi«  w  given  by  Bekker's  equation; 

(— k>+  (_k.— 

e  —  e 

Where; 

a  ^  Slirnr  |K;;A'ni-j, 

e  =  Siiil  t-nlu  (Kj^/rm-). 

p  =  Mean  |>rr'r=ur>" 

€p  =  luli'riinl  fiji-iion  Rii(,'li'. 
k|  kj  —  Soil  paranii-ti’r^. 

ymii*  Till-  max.  vhluo  of  (lii-  o\pro>'ioii  in  llir  lir.arkeli  [  J  j-. 


c  +  |i  tan  4> 


(-’) 


In  order  to  enable  easier  mathematical  analysis  of  equation  (2).  it  was  altered 
as  follows: 

Assume: 

“k;  f  I  k..-  —  1  ^  « 

But:  (.-1) 

(  -k,+  fky~T  1 1  -k,- 1  M-1  I  ^  I 

then: 


)  Dipl.  Kiig.  Be.  C.  Onlnaacc  Corps  Israel  Ar.iiv  -  IsrucL 
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By  introducing  the  value  o/  «3)  and  i4)  io  equation  (3): 
c  -f*  I’  *1* 


A  rather  easy  cnalysis  o/  the  eqiintion  may  he  performed  and  its  characteristics 
may  be  investigated. 

Thus  It  was  enabled: 

a)  To  prepare  a  nomogram  in  order  to  make  an  easy  evaluation  of  soils  para¬ 
meters  from  experimental  stress-strain  curves. 

bt  Easy  mathematical  operations  enabled  obtaining  the  mean  value  of 

A  ki  ^  — 

jr  =  e  —  o  »  along  any  length  d  of  displacement. 

c)  A  study  of  the  equation  of  the  rncans  l  atne  of  y  -  y  rnay  be  performed. 

Such  a  study  as  rncnlioned  in  para.  c.  above,  shows Jhat  this  mean  value  y  has 
a  maximum,  and  this  maximum  is  obtained  when  y  and  y  curves  intersect.  From  this 
it  follows  that  y  obtains  its  maximum  value  when  a  certain  displacement  which  is 
typical  to  each  soil. Is  obtained  at  the  point  cf  depaimre  of  the  track  from  the  ground. 

the  maximum  value  of  y  fy  yields  the  maximum  tractive  effort  that  may 

be  obtained  from  a  given  track,  then,  this  information  assumes  a  great  irnnortance, 
since  in  order  to  obtain  tlil.s  value  of  displacement  —  (deJ  —  a  certain  -ilip  should  be 
performed  according  to  eq.  (1). 

Uc  il  (1) 

where  I  equals  the  length  of  contact  between  ground  and  track,  and  thus  any  prede¬ 
termined  slip  may  be  oVtalued  by  governing  the  length  of  ground  contact. 

The  influence  of  ground  pressure  distribution  along  the  ground  contact  on  the 
tractive  effort  has  been  investigated  too.  and  il  is  apparent  that  although  cohesive 
soils  are  not  effected  by  the  pressure  distribution,  yet  friction  soils  renct  in  better 
traction  when  the  ground  pressure  increoses  to  the  rear  of  ground  contact  area.  This 
fact  >ias  a  direct  r.hct  on  load  distribution  when  tiniction  is  muitty  necdcd-.nr.meiy 
when  the  vehicle  is  climbing.  acccU  roted  or  pcrfoi  ming  a  tnnyh  towing.  Accordingly, 
the  location  of  the  vehicle  center  of  gravity  may  be  properly  selected. 

In  closure,  it  may  be  said  that  this  study  enc'iles  a  proper  vnilerstnnriing  of  the 
inter-inP-uence  of  the  coniiioneiiis  of  a  \  ehiete-soil  systern  with  rclction  to  the  Cvve'crp- 
ment  of  travtin-cijort.  It  enables  analysing  qualitatively  eneh  of  the  facto.s,  wnd 
permits  qunntitetive  cunputatPon  when  a  new  vehicle  is  designed  or  when  csivr.ahng 
the  performance  of  exist  vehicles. 

A  ti'iu'k  or  a  wlm-l  n  vvliiolo  ininst'i rs  ta  ?lif  ;»i'oiiiul  luui/oiitul  fi'rrcs 
ill  Ollier  lo  inovr  tlie  velurli-  forwaril.  'I'lii'  suil  ii  arli-ai  to  tlu'-.a-  t'orm  s  iii'.Mi-cs 
slirar  stresses  lliat  ais’  t'oMowid  hy  shear  .-.train,  uv  ili>’'lactiiu'nt,  and  tl'.ere  are 
direet  relations  hetwriii  the  soil  strain  and  sod  xtri'sis  on  u’le  hand,  and  between 
the  traek  .slip  ninl  the  traetive  ellori  it  deselop.s  on  the  other  hand. 

The  sidijeet  of  ibis  oaiUT  is  to  study  this  nlatiopshi]),  and  to  see  if  and 
how  the  soil  eliavaeleri.sties  will  inllnenee  the  (1esi;,oi  of  a  xehiele  traehs  or  wheels 
in  order  to  obtain  the  niaxiinuiii  traetive  ei'iort  that  ihe  soil  may  allow.  It  ivill 
also  be  po.s.-,ib!i-,  on  tlie  basis  of  tins  .study,  Io  make  a  fairly  aeeuiato  I'stiinatc 
of  the  peiTormanoe  of  an  exisliiitr  veliielc  in  this  re.spect, 

A)  Tbe  slip  of  the  tr.s.ck  rai.d  tl  o  hov.iaoi'.fal  of  Ibe  coil.  — 

When  a  vehicle  is  in  motion,  its  tiauks  or  wlieels  develop  Ihrnst  in  the  soil,  and 
in  order  to  tlo  so  —  a  eertnin  slij'jiape  is  in  e.Nistanee  l)et'.veen  lue  t;,iuui;d  aim 


the  vehicle.  This  slip  enHsc.s  n  hoiizontnl  ilisiiliin-ntont  thnt  vuric.s  nlong  the 
eontiiet  surfnee  of  the  track  and  the  soil.  It  i-s  of  importance  to  know  how  this 
di.splacenient  varie.s  in  order  to  evainnfe  the  stn-s-s  fimetion  aloiif;  the  contact 
.surface. 

Because  of  tliis  slip,  tlie  actual  vehnity  (Va)  of  the  veliicle  will  lx?  lower 
than  the  tlieoretieal  (\'t). 


L 

^ - ^  B'ci^KSR 

Viu*  1*  ^Ju'Rr  >traiii,  tlx  %viili  tn  tlu*  slijti. 


l'’i!z.  1  illu.sir.'ites  a  1r.uk  travelling  mi  the  irnnind  wi;li  theoretical  velocity 
(Vt)  and  iictu.il  vcIiK'ity  (V;i).  .\iiy  |ioiiil  of  lids  tnicl;  m.iking  its  fir.it  ci)i’.t<ict 
with  the  oronnd  (iit  ])oiiit  .\,  tit;.  1)  and  :il'ter  ii  cert  nn  time,  t,  this  ])oint  will 
Ih'  at  distance  n  from  A,  The  value  of  .\  is  jrivcii  hy  tlie  eipialion; 

\  =  Vt  •  t 

.\t  the  same  time  the  vehicle  moved  I'mWind  only  a  ilistiuice  s,  rqmil  to: 

s  --  \'n  •  t 

'I'l’.e  ditTcrciice  hclv.een  x  iind  s  is  the  slicar  strain  that  oceiirred  in'  the 
.soil  iit  ain'  point,  x  cm.  from  (Ii*;.  I'j. 
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V  «• 

Tlic  cxpiTssion  (1 - ^  U  defined  the  mtc  of  slip,  nnd  denoted  c  i  ». 

V  Vt 

Va 

i  -  0— v^)  U) 

mul  Vt  •  t  =  X,  thus  it  follows  thiii  the  soil  sliene  striiin  nt  nny  point  under 
the  track  at  distance  x  from  A  (fig.  1)  is  directly  propoilional  to  the  rate 
of  -slip  i  and  to  the  distance  x  from  A. 

<1.  -  :*  (2) 

And  the  displacement  at  the  point  of  departure  of  the  track  front  the  ground 
enuals  to  the  rale  of  sHii  multiplied  by  the  lingth  of  contacL 

tl  I  ~  i  •  I 

where  1  i.s  the  length  of  contact. 

It  is  seen  that  the  shear  displaecment  varies  along  tlic  contact  of  the  soil 
and  the  track,  being  zero  at  the  first  point  of  contact  A,  .and  taking  its 
ntiiximuin  value  at  the  nuiitt  of  ih-partiire  «  H  »  (fig.  1)  and  front  here  it 
follows  that  the  shear  stresses  will  also  vary  along  tlie  contact  surface,  ittid 
will  depend  on  the  displacement  d,  and  on  the  nature  of  shear  stress-strain 
relations  of  each  particular  soil, 

U)  The  sliear-strc-ss-strain  rclp.tion  in  soils.  —  Uekker  iitvestigated  the 
shear  stresS-strain  relation  nnd  found  it  to  he  exjtrcsscd  hy  eipi.ition  (d): 


s  =  (c  +  p  Inn  'h) 


whore ; 


s  =  .Shear  stress  Kg/ini’ 
c  =  Soil  <‘iilK.sion  Kg/em- 
p  =  Oroaiul  pressure  Kir/em’ 

'h  =  Soil  iiili'iiial  friition  niigle  Deg. 

y  is  a  function  that  governs  the  form  of  the  curve  tind  is  CNpie.sscd  by 
etinutioii  (o): 


(— k:  +  I  I;'  --  I)k,  a 


(  —  k;  —  I  L:'  —  l)V,  d 


y  =  c 


ki  and  kj  bring  .soil  itarameters  and  yn,.s,  i.s  liie  nmximum  vtdne  of  th’s  expression. 
This  t'Nin'rssioii  is  eninb''r.<ome  for  tnalUcinatieal  operations,  ;i;iil  it  will  bo 
altered,  in  order  to  fiieilitate  its  study,  ;is  follukv.s: 

It  IS  ol)\ious  ihnt: 


•  .  ••  -* 


t-h.-t-  vh/:-:?]  [--k,-  =  i 


—  k,  +  ]  V.- 


1 


—  ft 
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By  iiilroduciiij'  tl»c  values  of  ki  dopt  from  ctiuntioii  (8)  to  equation  (6), 
the  value  of  y„,.,  with  respect  to  a  may  he  ohtaiiied  (e(iiiatioii  9) ; 

2*>lnl/*  3lnl/a 

ViuM  =  c  » —  «■  _  c  '  -  (9) 

Curve  c,  fij».  3,  shows  how  \\,,,  varies  with  respect  to  a  for  all  values  of  a. 

In  the  same  way,  hy  equating  the  second  derivative  to  r.ero  it  may  be 
found  that  the  y  curve  aeliieves  its  point  of  infection  where  d  assumes  the  value 
of  2  dopt : 

4ii  III  l/n 

k,  J  inf  =  2  k,  <1opl  -  -  (10) 

1  —  n* 

C)  The  soil  parameters  or  a,  and  k,  or  k.  —  It  is  explained  hy 

Bekker  that  ki  represents  tlie  soil  omiipaetion,  its  values  go  uj)  with  soil 
comi>actiou  and  hrittleness.  Its  dimension  is  1"'.  On  the  other  hand,  k,  or  a,  aix: 
dimensionless. 

‘Til  is  parameter  governs  the  whole  shape  of  the  eurve.  The  numerieal  value 
of  n  giv's  up  with  soil  conipaetness  and  down  for  dry  loose  soils  like  s.iud. 

I'able  I  gives  typical  values  of  n  and  ki  for  three  kiiids  of  dilTerent  soils. 


TvuLK.  1.  •  fii/ncs  o/  soil  piiniHicfcrs  "• 


Soli 

• 

k,  U/cu.) 

Sill,  iimlisl uriioil 

a.ii4 

11.40 

Ssiely  lofttii 

a.','7 

0.12 

l.liUSO  sUllil 

0.14 

a.fiS 

In  order  to  extract  these  soil  paraincter.s  from  exia  rimi  ntal  .sluar  stre“s.s- 
strain  curve,  the  procedure  descrihed  hereon  ma\’  l>e  followed: 

Fig.  4  contains  4  cpiarters,  in  iiu;utcr  1  the  experimental  eiirve  should  be  drawn, 

with  the  relative  stresses  ( - ),  against  soil  displacement  d. 

Then,  the  ratio.s -  should  he  marked  on  the  d  axis  for  tlio  values: 

dopt 


d 

dojit 


0,2.5;  0,.5;  0,7;'i;  1.0;  1,5;  2,0;  3.0;  4.0, 


and  the  is'siioetive  imints  on  tlie  curve  .slumiil  ho  marked.  (Points  1,  2,  3,  4,  etc. 
iiiarkcHl  on  tlio  eurve  in  (juarter  ]). 

Quarter  2  of  fig.  4  contains  a  family  of  curves  ;ieeording  to  eqmition  (12). 


-’a’ In  I /A  «l 


•J  Irt  1  /a  tl 


C 


—  (V  I  —  A*  dopt 


^  l;  ftl 


•Jr.*  Ill  !  /  a 


J  Jm  I /a 


C 


1  A» 


(12) 


33 


The  independent  variable  in  this  (Hitmtion  Is  a,  and - serves  as  a 

dopt 

paranK'tor.  T!ic  hoiizontnl  axis  of  4iuiirter  2  rcpn'seiits  a,  and  tlic  .crticnl  axis 
y  s 

represents - *= - 

^  tit«a 

a 

here  again  the  pai'aim  ter - lakes  t!>e  value 0  25 ;  0.50;  0.75;  Ji.O;  1.5; 

dupt 

2;  3;  aiul  4  thus  a  famile  of  8  c-nrve-s  Is  ohtnincxl.  Kael;  one  cui've  of  tins  family 
will  have  one  roininon  value  with  any  experimental  curve,  drawn  in  quarter 
one,  and  these  eoniinoii  values  will  In*  on  a  horizontal  line,  that  is  conneetinjf 

the  eoinmun  point  for  the  s;>!ne  —  — -  values  in  the  two  tpiurters. 

tiopt 

s 

lint  as  each - curve  has  Us  one  iiarliejiar  ii  value,  it  follows  that 

the  iuteiseelions  of  the  hori/.oiitnl  liin-s  with  their  tespeelive  curves  in  quarter  2 
will  occur  on  one  vu'rticiil  line  which  eorre-sponds  with  the  respective  n  value 
that  heloii^is  to  the  e.xpi  rinieiital  curve. 

Thus,  after  marking  tue  luiinls  1,  2,  3,  ...8,  as  deserihed  pivvimisly  on  tlie 
C'tu've  in  ([Uafter  1  — ■  ii«ui/onlal  Hues  .douild  Ik>  drawn  from  this  point  to  the 
right,  until  thesi'  lines  iutcrs»H*t  their  eorresjjuntling  curves  in  quarter  2,  and 
thus  the  value  of  pniitiuetcr,  a,  will  Is*  ohtained. 

Quarter  ll  de.serdn's  the  valtie  of  kt  dopt  n'hited  to  n,  (etjuatio  '  8) 

2n  In  l/n 

k,  dopt  =  -  th) 

1  — 

so  if  the  previously  deserilral  vertical  line  ohlained  in  quarter  2  will  he 
continued  until  it  is  iatii-sectiiig  the  Iq  dopt  curve  iii  (;uarli  r  3,  its  value  can 
he  read  on  the  corre.sjxuidiug  point  of  the  vi  iticnl  axis  of  this  (;uarter. 

(Quarter  4  .servos  to  evahiate  k|  ve.Kics.  The  valuvs  uf  dopt  is  kuov.n  from 
tlte  «-xi)erinu'Utal  curve,  so  if  a  vertical  line  woe  drawn  tlnou;;u  the  pijint 
s 

-  =  ]  (Point  4  on  the  expression  curve)  into  (juarter  4.  until  it  is 

intersected  by  a  horizontal  line  throiioh  the  n[)j)it)])rinte  value  of  k,  dopt 
obtained  a.s  deserihed  previously,  ihi'n  the  tniqceiit  of  tl'.e  line  that  will  he 
drawn  from  this  point  of  iiiterseeilou  to  Itie  origin  of  quarter  1  will  be 
e(pial  to  k,. 

Thus  by  the  procedure  de.scrilH  alM»ve  one  might  easily  Iki  able  to  evaluate 
tlie  values  of  a  and  ki  soil  panimeters. 

D)  The  tractive  effort.  —  The  i,re  vious  ehaptiMs  helped  to  xuulei-staud 
and  <stimate  the  values  of  the  disp'acr loeiil  of  tlic  soil  under  tl>c  ti'aek  and 
along  the  contact  surlare  from  one  hand,  aiul  how  tlie  stress-strain  curve  will 
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behave  on  the  otlier  hand.  Now,  by  tying  them  together  it  will  be  po.ssible  to 
compute  the  (nutive  effort  that  may  bo  protlueed  by  the  track. 

If  8  ia  the  minute  shear  stres-s  under  each  point  of  the  track,  then: 


where; 


UT  =  h-8*«n 

T-  =  -trnrlive  clTort,  kg. 
b  =  wulth  of  Imrk,  cm. 
I  =  length  «f  trnek,  em. 


and  tbe  tractive  effort  (T) 


T  =  b  /  s  •  dl 


(13) 


by  introducing  the  vuliie  of  d  =  il  to  the  stresses  iMpiation  (7)  and  iiitioducing 
cqiuition  (7)  to  ts|uation  tl3)  the  total  tractive  effort  iniiy  lx?  eonipiitcd. 


T  =  I. 


toil 


*  —  •  —  c  »  ^  ill 


c  l)liin'l*  .  .  ,  ,  ,  . 

as - IS  constant,  it  may  be  plaeed  to  the  lett  of  the  integral 


sign,  and  tiun  the  csmntion  may  In*  nutlti)*lied  and  divided  by  I : 


h  -1  •  (r  ¥  |>  t.'Ui  •¥) 


\ 


(13  a) 


In  this  eiiuation,  the  inti  grid  divided  by  1,  niiresents  tlie  average  value  of  — y. 

This  average  value  of  y  will  be  denoted  y  ■'’"d  so  the  eiiuation  may  be 
written  thvis: 


or 


T  -  b  •  1  •  (e  -I  p  tan  ‘P)  — ^ - 

Vail* 

T  y 

s  “ - x;;  (,•  -i-  p  tnn  '!>)  • - 

bl  S  uiaK 


(H) 

(14a) 


wlieiY  s  ==  till'  mean  slusir  stress  tkg./rm.*). 

The  study  of  this  c<|uation  is  very  interesting; 

bl  i'l  the  inagnitude  of  the  contact  surface  between  the  soil  and  tlic  track, 
(c  +  ptiind')  is  the  maxiiiium  .shear  strees  that  any  one  point  of  the 
contact  surf:iee  luiglit  piiHluce,  then  llic  nu'.!ti])lication 


b!  (c  -t-  p  tan  <I>) 

expre.ssea  the  tractive  elTorl  that  may  lie  oblainnl  if  all  the  eontnet  surface 
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vrill  be  uiulvi'  this  value  of  shear  stress  (c  +  p  tan  but  as  this  is  not  the 
cose,  it  is  obvious  that: 

then,  it  follows  that  this  theoivtieal  tlinist  eaii  never  be  obtained  in  practice, 
and  it  is  also  seen  that  if  y  will  once  obtain  any  maximum  value,  then,  the 
practical-t4M’ust  will  Ik-coiiic  niaxiniuin. 

Accordingly,  the  value  of  y  will  be  now  studied : 


—  akid 

fc  —  c 


where  de  is  the  shear  strain  at  the  point  ot  departure  of  the  track  front 
the  ground. 

13y  solving  the  iutcj^ral  within  the  limits  o  d  <  dl  the  v.-iluc  of  y  is 
obtained. 

ktdr 

1  1  —  •k»Hr  - 

(1-0  )-a(l-c  .  )]  (IG) 


and  hence  the  thrust  will  be; 


(i;i 


As  it  tvns  said  previously,  the  thrust  will  take  its  maxinnun  value  if  y 
will  take  its  ina.xiiuum  value.  Again  by  deriving  y  with  re.sjjcct  to  dc  iuhI 
equating  to  zero,  it  will  be  found  if  and  when  do<’s  y  nssumes  its  niuxiinum 
value. 

1-  III 

(ly  K,(lr  I  — »kirtr  -  1 

- - - l(o  —  0  *  ) - 

il.lc  k,.lr>  r  ^  k,(lr 


1  —  — - 

[ - (^1  —  c  )  —  a  (1  —  0  • 


and  by  ctpiating  this  derivative  to  zero: 


kidr  kitlr 

—  «1iidr  -  1  1  — ^kidr  - - 

*  -c  •  a(l-c  .  )]  (18) 


V 


00 


n 

- - wilh  re.-f’Cct  «o  rlioar  ili>placciin’ut  il; 


— - wiili  rc.'i>oot  to  >liviir 


Kin.  5. 


lit  ihi’  iMiiiil  of  'Icjiurlure  ili. 

J 


Tliv;  li'll  li.tuil  siilf  1)1  cqiiiit iiiii  (IS)  is  tlie  viilui*  uf  y  (llii'  viiluc  '>f  y  at 
till’  jioiiit  uf  (Ici'.ii'lnii').  Till’  fi.’lit  siilo  of  iijtii;l ion  (IS)  is  tin-  tiilno 

of  y,  (the  nvi-f;”.-!'  ■.•alnr  of  y  alono  coiitart  siii-i'iice). 

Ffcai  tliis  it  folloived  tliat  if  onee  ilic  avoi-aoe  viiliie  of  y  will  tii!;i'  tlie 
miiiUtP  vtiltic  of  y  (i  •  e  •  y.  =  y)  at  the  point  of  ilojiailnri’  of  the  tr.  ih 
from  the  ni'otiii'l.  tl'i-n  the  jioiiit  of  ilejiartiuT  of  the  tr.'ieli  from  the  f.;i'."nd, 
then  the  thnist  «ill  he  at  its  ina.simoin.  ]f  the  emves  y  -  f(il)  ;;ikI  y  --  l-'{'ii) 
will  I)e  ilrawn  in  eomnioii  eiKFi iliiiate  sysleiii,  tliey  will  intellect  at  a  eort  iiii 
value  of  il  —  d,,  and  at  this  point  of  iiiler.seetion  y  will  ho  iit  its  mar.iaiaiii 
(.see  fin.  ')). 

It  may  also  !*e  seen  that  for  each  soil  tliere  is  n  eertain  typical  lalno  of 
dl  tliat  will  valid  llits  in.ixitmnu  \ahie  of  y  and  lienee,  iinist'.inim  I'a'iio  of  ilu  'i  .t. 
This  value  of  dl  will  lie  d'-noted  d  k;  oj-t,  and  it  wiil  he  imdeistood,  tliat  a:,  tills 
shear  flisjilneeiiieiil  is  aeliieved  at  the  point  ol  di’p:i  i  i m  o  of  (he  track  fror.i 
the  ftrotiiul  then  t’le  m.ixiinuni  thnisl  Inw  heeii  obtained. 


Table  Z. 


Sou 

4  Oft  em. 

A  opt  cm. 

HllUI 

Wmmw 

silt,  uiiiliaturbed 

±42 

4M 

0.80 

8nndy  loam 

«.35 

13.2 

0.8.5 

I.oose  Ninil 

7.<tt 

IM.5 

0.9 

It  \v«s  shown  ill  isiiuitiun  (14)  or  (17)  that  the  value  of  the  thrust  will  bo: 


T  —  b  •  I  •  (c  +  |i  tun  •!>) 


(14) 


lu-ncc 


=  b  •  1  •  (c  -i  p  t.m  <J*; 


yn 


Talilc  2  i;ivcs  typioal  viilu.os  for  some  typical  soils  of  this  ratio  ( - 

)  mut 

anil  it  is  soon  that  this  ratio  goes  «lown  to  O.S  or  loss  in  cohesive  soils  ami  eoinos 
up  to  alKuii  0.!)  in  friction  soils.  However,  its  vahu*  is  always  lower  than  unity. 

In  ordor  to  aoliiovc  iiuixiiiuun  thrust,  it  was  explained  that  a  certain  shear 
ilisplacoinont  illopt  should  lx?  achieved. 

It  has  also  Ihtii  .shown  that  thi.s  displaocnient  Wiavcs  aecordiug  to 
eipintiou  (3),  then : 

dlojit  —  iopt  •  1  (3) 

pr : 

•llxlit 

iopt  - -  (19) 


and  eipiatioii  (10)  shows  tlial  in  order  to  aohiove  the  niayiaiuia  Iraelion  with  a 
given  track  and  a  given  soil,  the  slip  yhoiild  go  uj)  to  a  eoitaiii  value.  If  the 
rate  of  slip  i  is  too  liigh,  it  follows  hy  e.xee.s.sive  wear  and  tear,  of  the  tracks 
(or  of  the  tyres),  the  iiower  lo.sses  dm*  to  tlie  slip  are  gre.if,  the  aeliial  veliK'ily 
of  llie  vehicle  is  reduced  too  tiuieh,  and  the  .soil  is  sitoiled  for  tin*  motion 
of  following  traffic. 

For  those  reasons  and  others  the  rale  of  slip  .should  Ik*  kejd  as  low  ns 
liossihle,  ami  nee  its  magnitude  has  Invii  ileeided  upon,  the  length  of  contact 
may  he  computed. 

illopt 


1  -- 


iopt 


(JO) 


An  ilhistriitive  ex.iniple  will  be  given  hy  the  eomparisop  of  trackml  voluele 
with  a  length  of  contact  with  the  groimd  (I)  of  ;t70  ein.,  to  n  wliejed  vehicle 
that  ha.s  a  contact  length  of  i8.5  cni.,  which  arc  hotli  travelling  in  dry  loo.se  sand. 
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Tlic  fii-st  one  will  «lovolop  its  ninxtmum  thrust  at  r>9c  slip,  while  the  second 
one  will  «lo  this  at  100  slip,  or  practically  it  will  conic  to  a  standstill  and 
dig  itself  in. 

K)  The  effect  of  gTound  presanre  distribution  on  the  thrust.  —  Until 
now  the  ground  pn'ssiiro  was  assumed  constant  and  e<iual  to  tlic  mean  ground 
pi-ocjure  all  over  the  eonlaot  surface.  The  cffcel  of  uneven  pressure  distribution 
will  now  be  -studied. 

Aeeoiding  to  equation  (4) 


s 


(c  +  j>  faii.«h) 


(4) 


Now,  instead  of  p  =  constant,  it  will  Ik*  introduced  as  a  function  of  x  or: 
p  =  p  (x)  : 

y 

s  =  (c  +  J>,  lull  *t»)  -  (21) 


from  hero  it  is  seen  that  purely  cohesive  .soil  reiniiins  indifl'erciit  to  the 
pressure  distribution  with  n'sin-et  to  tractive  elTort.  On  the  other  hand,  soil 
with  friction  will  ivspoinl  sciisifively  to  such  a  variation.  I!eiicc  the  annlysL; 
will  Ik*  done  on  a  soil  with  friction  only,  ami  the  equation  will  talco  the  form: 

y 

B,  -  p,t«n<h — ^  (22) 

3 


K,  =  .4hrfir  >!ro>s  in  frirfioa  soil. 

For  the  sake  of  siniplicily  only  two  pi-essuii*  distribution  functien.s  will 
lie  ex.'iniiiied. 

a)  The  jiiwssme  will  U*  iiiercasisl  linearilv  from  >',ero  at  tlu*  fust  jioint 
of  contact  to  its  inaxiiiuaii  vain.*  .at  the  point  of  di'iiartuie. 

h)  The  iircs'^^^un*  will  Ik-  deerea.ved  liiieariiy  fr uu  its  ina.xiinnm  value  at 
the  first  jioini  of  eontaet  to  zero  at  the  point  of  de]>iirturo. 

Aeeordiiigly ; 


"J  p  X 


1  — X 

P»  =  l>  — - 


(23) 


(24) 


AVImi-c  p  is  the  mean  grmnul  pn's.suro  Kg/enr. 


Ground  Pressure 
distribution 


Ml 

MBninii 


0  2  -4  6  8  10  12  14  16  18 

yi»;.  li.  —  Shonr  i<tr'’>.'<Cs  a  lunc  il  with  resprcl  to  vari(ni5  functions 
of  tlic  prcjMirc  (liatribulioii. 


By  inUTKhtciiig  |)»  fniin  etjtuition  (23)  to  f(|Uiitioii  (22)  it  will  be  obtiiincd 

k>z 

2  Jl  X  —  »Via - 

«■.  = - •  fc  —  C  *  ■) 

V  1  '  ^  (-'* 

J|U«B  •  ' 

or: 

kid 

2  n  <1  —  akid - 

e,,  = - ■  -  •  tun  4>  (o  ® 

}inu  d  1 

In  the  s.nme  wny,  by  iiiliwlucing  the  vtiluc  of  Pi,  to  etiUMtion  (22)  the  stress 
strnin  equation  will  be: 


It  is  interesting  to  note  that  the  value  of  M,b  tsuuils  twice  the  value  of  s 
(even  pressure  distriliution)  iiiinus  s„  [equation  (2C)). 

s,b  =  2  s  —  R,.  (28) 

Fig.  G  (A)  deserilH's  three  i>ossihilities  of  pressure  distribution; 
p  =  P  =  P.:  P  =  IV 

Fig.  6  (B)  d  I'seribes  the  .shear  .stress  distributton  for  these  thris*  ea.sen. 

It  nuist  be  iiuticetl  that  the  .stress  curves  are  j)iej>ared  for  tlie  ease  whciv 
the  ViTte  of  slip  is  .such  that  ill  —  il  takes  the  value  of  dlopt,  naniely  the 
shear  disjdaceinent  at  the  point  of  departure  of  tin?  track  from  the  ground 
is  of  the  value  that  will  produce  the  niaxiniinn  thrust,  where  the  ground 
pre.ssiire  is  constant  all  over  tlie  contaet  surface. 

The  value  of  the  mean  shear  .stre.s.ses  in  each  cast*  will  be  eoniputed  by 

integrating  the  stresses  in  tlie  limits  0  <  <1  <  dl  and  disiding  by  dl.  Hence; 

di 

C  kid 

•S(,  I  —  •kid  - 

-  =  - ^  d  (e  —  c  •  -Id  (21)) 

p  tail ‘I*  y,.m. 'll-  J  ^  ' 


The  solution  of  this  integnd  is 


[^r  (' 


—  ikdl  - 

.c  .  )] 


tlicii  equation  ('10)  will  take  the  form 


5,.  ^ 


And  from  liero  it  also  follows  tlint; 


1^^ 


v5  ia  20 


0  2  4  6  S  10  12 
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fig.  7.  —  Moan  xlicar  otron'.*  s,  5„  -s  with  re.'i*cct  to  <le  =  il. 


Kiinifc  7  jsltows  tlifco  chitcs;  the  hiehi-i’  tif  t’lo  tlitfc  slio'.vtt - -- 

p  t;m  li) 

with  icspoft  to  thr  tlisitlncfiitt iit  iit  the  point  of  fliiniiltiri.*  dJ  “  il.  Tint 

s 

iiiiddlt*  t-nrve  .'tliows - -  (ovoii  jti'r.<'.ore  vli'ilribiitioiu,  jind  tlie  lowor 

p  liiii '!' 

ourve  IS - . 

p  till!  <l' 

From  Iho  rrstilts  of  this  stmly,  it  iiiiiy  In’  (•'i(u-liiil'.‘il  lh;it  in  sooh  roil 
where  the  iiitermil  feietion  iingle  is  of  Jippreeinhle  voUie,  the  hsjil  ilist rihuli'jii 
imist  be  trnnsfei'red  to  the  rear  when  the  tluaist  asstmies  its  h'^;lu'r  ve.hie.';. 
By  that  meiins,  n  hii;!ier  inaNir.nim  thro 4  will  he  .nehieved.  and  it  will  be 
achieved  at  lower  slip  rates. 

Till!  higlier  tlirnst  vulttes  aix*  mostly  iii-edeil  when  the  dl.nvhiir  [Mill  is 
hi!;h,  when  elimhiiig  hills  and  wlieit  aieeii-ialin;:  l!ie  veli'.ele.  Foi futui'.ely, 
ill  all  tlu'.se  tlirec  eases  there  is  wei;;ht  traiivi’er  to  thi’  rear,  e.iul  arroidiMirly, 
if  the  eeiiter  of  Rravity  of  tlie  vehiele  will  he  ]>ioi'.eily  lo^'a'ied,  optiuiuoi 
values  of  tlirust  iiiav  he  obtained  whin  they  will  he  most  nixslcd. 


This  pnpi'r  <1onIs  stdoly  in  the  study  of  ti*netivc  ofTort  witli  relation 
to  the  rate  of  slip.  The  ivsulls  of  tliis  study  niny  he  used  cither  for  dcsij'n 
considerations  of  new  volsielcs  or  to  o.stiniato  the  i)ert'ormaiice  of  (xisting 
vehicles. 

Anyway,  it  mtist  not  lie  overlmiketl  that  the  rollig  resistance  has  not  been 
considered  herv,  and  it  nui.st  Im*  iHirne  in  miiul  tiuit  in  some  eases  the  iiia.ximuin 
net  drawbar  pull  will  take  jdaee,  Ik-eiiuse  of  the  effect  of  the  rolling  resistance 
at  values  of  slip  ratt-^;  differeiit  than  fliosi'  that  will  give  the  inaAinuim  tliriist. 
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I)  ISC  V  s  s  1  0  y 

M.  G.  —  1  have  Iweii  very  g.^ttiti^sl  ami  pleased  timf  nn  C(|nntlon 

wliieh  1  finiiKisisl  S'line  liii  \c:irs  ago  hu>  l)e»-oi]ie  the  sulijcet  of  a  study  by  Mayor  Sela; 
and  I  also  wc»il<I  like  to  so’igratulato  li,e  Miijor  fur  llte  iNeelloJit  iimtliLnirtieal 
solution  of  that  csjiiatioii,.  wldeh  we  lie.ve  seen  on  the  hlaekhounl.  I  wish  to  add  th.at 
tlio  solution  wliieh  we  worked  nut  my  a.-'oiiatio:i  with  the  hand  lau'ianotion 

talhorniory  iii  Detroit  nl-o,  was  not  lo<»  .-ve.lisfnetory  to  us.  Aeliiatly  it  was  very 
ditlicult  to  find  o\a<t  \ahies  in  tlie  Inglier  no’':'*,  liesr.ii.'e  they  were  iiiercasiug 
too  rapidly  in  nn  .•v-ymjUolie  way,  the  xduti  >ii  wlio  !.-  .\t.ajor  Sela  has  proposed  is 
miieh  more  accurate  and  r’lgiiiit. 

lx*!  me  also  culil  that  diirilig  ttic  10  rears  whieli  have  clap  .d  sinec  iids  eossf ion 
lin.s  hcen  pio]U)sed  as  a  dctinitiuii  of  the  s.’ro=s-stial!i  rel.itionsinn,  for  the  hori.'.oniel 
direi-tiou  of  veliiele  iiiotl.iii,  oar  tliiiikiiig  has  K  ;  u  ss,e>.cw’mt  >  Imoyevl,  in  a  eertciii 
-sciise.  We  found  tiiat  there  are  a  great  a!,-.::y  soils  v.'iiiii  do  uc-i  l.i\e  j'eaks  in  r'u'ss- 
ileforiii.at ion  ehr raiteristies;  that  applu^  —  as  .'I.ijor  "■ 'a  nauti'iisd  —  to  granular 
masses,  frietaiiial  iii  .s  es,  :>iieli  ns  in  pailieular;  wo  found  t!i  it  a  i.rueli  more 

simple  eciimtion  can  lie  used  in  solving  the  ssuce  prolilc.as  v.  hh  h  we  linvo  hee  n  trying 
to  .solve  Using  the  (>ilgiunl  s-riuation.  Tliis  Matter  will  oc  diser.sj;  J  in  detail  hy  Mr.  Jaiiosi, 
^^r.  llaiiisoii,  .Mr.  iiaiiamoto  and  I’aeiiis;  I  l.el'evc,  t  .oa  l  i  t  ai-.kiug  any  jiir  uictuic 
<lisc!osure  if  I  mrritaui  that  Dr.  fh'ilmc  in  'sraiin'chv  <’ig- Vrahcer'.de  has  a  .similar 
solution,  mid  I  tliiiik  that  I’lof.  Hcece  .I'^i  has  in  •dulled  our  eijuatiou  more  or  !‘ ss  in 
the  s.Tnic  direction.  .Ml  this  seems  to  indleaic  to  me  that  the  Tn'tl.nd  hy  nuaiis  of 
which  we  (Icfiiic  the  lU.-cii-eed  slress--lr liii  ich'.fionship  is  l  .'.l.  dily  con.cl,  and  that 
this  rchitiiiiiship  can  l.i’  cNprc-.-ed,  and  perhaps,  nv.ist  lie  eriues'cd,  tiy  an  ((iralioa 
of  the  tyjie  which  was  the  suliject  of  nn  nn:\l_\sis  hy  .M.ijur  Sclrt. 

Thank  yon  very  imieh. 


n  fenomcno  dell* *•)aderenza  di  un  cingolo 
fuori  strada 


The  phenomenon  of  the  adhesion 
of  a  track  off  the  road 

Ai.kssasuro  Ori.asdi  •) 


ABSTRACT.  —  An  examination  is  made  of  the  phenomenon  of  tiie  adhesion  of 
a  tracked  vehicle  running  in  open  country,  on  ground  identified  by  the  factor  of 
cohesion  C  and  by  the  coefficient  of  attrition  tgv. 

If  toe  admit  as  acceptable  a  ’aw  of  proportion  between  pressure  and  segisreeing  of 
soil,  there  operates  Hie  late  of  i-ariatio/ts  of  the  tangential  tension  under  trie  trrwk 
and  Its  slip. 

There  arises,  through  the  characteristics  of  the  tractor  lU'cight  and  size  of  the 
track)  and  the  of  the  soil  (C,  tj;  v>.  the  i>osition  in  which  we  no  longer  have  the 
ceniition  of  adherence  hefceen  track  and  ground. 

The  most  suitable  melhod  for  a  study  of  terrain  in  the  icboratory  is  given. 


Introduzionc 

Un  oiiiRolo  ill  !iiyvi:n<nto  rtiini  si  coinpoita  roiiic  s<’  nanirr-w 

iii^raiiaiulo  in  uiiii  siitcic  di  <Mfnia;_di‘ara.  .Si  jmo  supponv  cioi'  iho  i  ra;r,i>')!ii, 
di  cni  solid  nuuiili  i  p.iltini,  piMaSrino  ncl  tviroiio  lino  a  olio  sia  rai..,,in!ito 
ri'ipiiHlirio  fra  il  catico  ’’(avanti*  sui  ciiinoli  stossj  o  la  reaxionc  did  suoio. 

L'andaniciuo  di-lli’  rca/.ioni  s)Hxil>'Iic  dtd  ttrnii:)  nun  o  custanto,  am-l.L- 
a  t'injpilo  frniio,  ina  vnr’ta,  .spi''-’ia!incnU’  sia-ondo  una  -i-s-.ioiip  t: .'.svcrsaln. 

II  dia;p'aiuina  didlo  i-ir^sioni  dipuinlc  dalle  l  ai  attoi  isiiclio  del  In  rmo  e  dalla 
liiise  di  app(i;.:;;i().  Si  vedaiio  jn'r  'senijiio  le  licrreiu'  coinpiute  dal  I’lX'S*-). 
In  lit;.  1  soruj  i-ip-oiiati  aieimi  diauramiai,  otteiiiMi  eon  eorpi  di  eaiico  r'aridi, 
euricati  eoii  un  peso  U,  nei  ire  lei  ri  ni-tipo:  sabl/i.i,  limo  e  argilla;  si  pas<i  eioe 
da  nn  terreno  ii'eoerenle  ad  allru  eoereiilo. 

Qliesli  diap;i'aniiui  dinioslvain*  rinl'aenza  de!  leiaa'iio  e  drllo  diiiunsioni  della 
base  di  carico. 

Si  vedc  infatti  clie  i>er  una  ha-e  l.avpa  nO  ein.  vi  sono  iioi  diauiiuanii  di  carieo 
dolle  escorsioni  iiiauj^iori  elie  non  nel  easo  di  laruliex./.a  di  cm.  GO. 

Qu'  -.to  coniportainf’ito  .s.'irclihe  dovuto  ai  fenonioni  di  ridninirnto  che 
lianiio  liiiila  ni;nj};ioro  importiin/.a  iiuanSo  iniiioii  son.o  le  sii])cn’)ei  di  api-'v-rio, 

•)  l-niver>4itk  d.i  Pologna  -  Italia. 

*•)  Pre.-^H,  ila  Ce.slciri  (luiili:  Mirranica  del  Ivrrenu,  IM.  Unepli,  pdg.  H”, 


II  Lonicycr  •)  spck'inu’ntiitulo  oon  inia  l)asp  fiicolaio  l  ijiida,  su  divci-si 
tcrroiii,  Irovo  plu'  '.’aif-laiiu-nto  «l»'l  diapramma  ilipvndo  ilal  tijio  di  ton-ptio 
(v.  fig.  2).  Si  noti  in  i)artic()l:ire  il  paso  dpiriiru'dla  inollc  p!)p  si  poniporta 
onaldi^aiiu'iitc  nd  un  torivno  iiipocri'iitc. 

In  complp.sso  ((’pstvlli  (iuidi,  oppra  pitata)  la  s]»ipg.i/,ionp  dpi  divci-si 
poniijoi  tanu-iiti  'luo  o.'isprp  la  spgupntp :  in  nn  ti-rri  iiD  cupri'iitc  aiu-hc  Ic  zoiip 
jx  rircr'iplip  do)  hasanipiito  pnitcpipaiio  utilnionto  alia  deforina/.idiic  r.ssrndo  il 
torrpno  dntiito  di  vp.siatpu/.ii  alia  trazioiip  (popsione)  p  in  tid  iiuido  si  pipu  una 
ultoviorc  i-osi.sicnza  .sutto  la  zona  ppiimptralp  del  biisanuiito ;  in  nn  IPTi'cno 
inciM’nnitp,  non  solo  inaiipa  (jiipsta  pollahoraziono  nia  la  tpvi'a  j)osta  sotto  il 
contorno  dpi  bn.sanipnt<j  rillniscp,  daiido  Inopo  ad  ima  notovolo  dimimizamp  della 
cnpacita  poitnntc. 

Co!ulnilrndo,  per  Ip  ideeolp  supeifipi  di  ap]iog(:io,  (piali  ajipnnto  i  eitigoli, 


•)  I^iim'vcr,  ‘la  Ccstclli  dtiiOi,  t»j'Orn  cilnta,  148. 
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umno 

UDfiint  (ocDcnn  (as^iua) 

Ufiiitnt  iii(8{KflTi  [sum) 

l»CAU 

(flflimuflio 

HOIU 

uioirs 

(DH^AIIA 

la  lvm>  a)  lati,  sotto  raziaiu-  «U'i  carit-hi,  lilhiisn'  vorso  IVstcnio  in  iiiismu  luaR- 
('iora  0  tninnro  a  srooiula  clu'  i!  tcrii-iu^  xia  iiicorii'iito  o  loaimte  *). 

Qiicsto  (ho  (•  ii(a""i()iinoiito  siiilito  ihh‘  lo  suporfioi  minori 

((Hiiiuli  ]>or  i  ('iiunai,  od  in  parlicoliiro  pir  ipiolli  piu  stictti),  fa  si  olio  V  toncno 
sottostanti*  alia  base  afrisca  voniri)  tpiollo  ciioostanto  ooiiii*  an  v(-i-o  c  proi)i'io 
ontico,  con  cspulsioiie  di  lla  terra  vcrso  la  porilc  ria. 

Lo  ]iro.ssi<)ni  sul  tciieiio  non  s.'.rohhoio  (piitaii  tali  da  far  acoottnro  I’ipotesi 
di  niia  riinirt izionc  uiiiforaa'. 

Tiittavia  il  ttarliai  i  **'  aairnotlo.  nol  oaso  di  iniv./i  cittfrolali  Icnti  ((>-12 
Kin/li),  cho  si  possa  ritoucro 

l>  =  Pm 


csxcndo;  p  ~  pre-vionc  olTeltiva  locale j 

Pni  ~  l):rs.xionc  aioilin; 

P  =  earidi  ;;ravaiao  su  au  cia^olo; 

l>  =  l.iiiri.i'/ya  ilel  cinj^ulo; 

li  =-  laio^lic//  1  ilol  cin>;iilo  a  tpiTn. 

•)  I  iliaacaiiiiiii  del  !’((•-■«  e  ilol  f,i*me\er  ora  ri(*-»rtati,  furoiio  ottciniti  sollo  carichi 
>tatici.  Tiotavia  xtiiot  aatialiio-ntc  :aterc-.-:inti  per  illustrnie  il  ciMiijwirtaiuciito  ad  xaolo 
sccoinlo  Ic  xiic  ciiruMcri'-tidiC  ;;ooii'idic. 

(tarliari,  IJcciilioiili  I  nii^'rc-iso.  ATA,  J'liK-  <'0,  fchlirain  lac.l. 


—  G08  — 

SoUecitazioiu 

Como  8i  o  dot  to  il  niovimento  tlol  vcicolo  cingointo  in  terra  smossa,  c 
ouuuiiuivio  «  fiiori  ^stnida  »,  e  rnrattori/j^jito  du  un  <  ingnintimeiito  >  doi  ramponi 
col  tcnvno  stesso  (v.  fig.  3). 

II  coiiiportamonto  del  torroiio  non  risulta  in  goncro  faeilmento  difiniliile 
in  tpnmto  osso  dipondc  da  niolti.'Jsinii  fattori,  <,iiiili  k*  caratteri.stirhe  gcofistcho, 
il  gnido  di  uniidita,  la  oomputlnziono;  oltro  olio  diniensioni  e  forma  del  pntthio, 
del  rampano,  cec. 


Fig.  3. 


Tiittaviii  jxjssiniiio  ponsniv  elu'  gli  n  raiiijivini  drl  tratto  di  rir.;;)lo  in  ((Uel 
inotiu'nto  a  oontatlo  c<il  torreno  (osoUiiiK  Ik;;)  rulliiiit'  olio  .•<la  ;i"r  ri:i!.7arsi) 

.’<uddi\icltino  In  por/iono  del  suoV>.  rustiturnto  I’orirn  del  ringaln,  in  n  i({ni'.cnti 
di  dimonsioiii 

L 

b  . - =  1,  .  1 

n 


iK-'.si'..'. i;  innialo 

d'a:'..nli'  il 


0  li  sulli'citiiio  1a(i;.’.on;.ialiaoiite  von  unri  foi  :a  cr.o, 
alio  af'jr.'.o  al  <  rovrliiolio  »  T  olio  il  .tv'-  ^ 

(v.  oltic,  tig.  4). 

Di'iti  so'.'iiiont  i,  vjint  lairo  .so;i:;i  !;i  ad  \n;.\  plan  no. ;o  v>r::('.;!o  pi  J.-asMi.a-aa 
<lal  p.ittiiio  111  trrri  III),  lalo  olio  per  il  p.:t*i!H)  i-osnir 


ill  I'i'iu  rala  : 


I'l 


1)  •  1  -  .i  Pi 


(^) 


Il  ran.'poiu’  f  rasmette  al  trrroiio  lino  si',  i  /o  oi  i;'..'.'jiitaK’  .^T,  cln'  cvinipi'i  iido 
sia  lo  sTor/o  tiasnnai~o  propi  i.aniciito  dalla  rronn,*  di  l  rar.i'i  no,  da  d  il  pattino 
ill  vi.tii  (.Irirad-'ron.'.a  fra  pailino  o  Ivrrono');  dv  i'.iu-iido  ti  lo  sioi/o  tangiai.'.i.do 


I.u  'r  i'  ijovntr:  :n»ii  riiito  nP.o  t  o  tl;ii  rr:i;ri.vi  ni  i  'H 

fiTi’risit,  Mill  niicl.t*  tlrirruU'iLii/a  '!'l  if'-.liico  ti*  1  ividinu  ikI  A  A '  rtmiro 

il  il  clic  iicrni'.’l  tf  -imm  iii.'t  ril*-.i7.!‘»:  •>  .-f.jr.'.ii  'f,  >u  tiitto  11  :ilo.  'i’uwt.’.ia 

ilTitii  iloilp  coiisMlcr:u:r»iii  die  i.«»  r  t;;  ^  'rreiiui  Tcil:i  li  i'*  r.’.i  A i  ctiu  .‘ciitrt'ta 

nel  rAii.|5fino. 
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dove  K  (kg/cm')  e  il  « eo<‘ffieie»itc  di  sottofondo*  (Bcttiing7.irF<T;  Subgiadc 
rcnction). 

JIa  iwiehe  per  lu  (4)  re<juiHhi*io  e  stato  raggiunto  solo  dopo  raffoiulo- 
incnto  misurjilo  (la  y,  si  i)u«'»  siipporic  clio  lo  paieti  lateral!  dei  segincnti  di 
Irrrn  sotto  il  eiiigolo  non  olTnino  |*ress<i<-lic  piu  la  possibilita  tli  resisteiiza  alio 
sfoiv,o  tiiiigoii/.iiile.  Infatti  I’afl'ondanu'nto  y,  seiiza  il  (pialo  non  si  nianifcsla  la 
ivazionc  j)  del  siiolo,  non  pub  avveniro  senza  tiiin  corta  lacerazione  del  muterialc 
terni^w  stille  paivti  lat'O-aii  (H*  indubhio  ehe  la  solli-eita/ione  e  sontita  aiaggior- 
fliente  dagli  strati  piii  siiiieificiali,  rioe  i>in  \  ieitii  al  paflino  aft'uiidante,  ma  data 
la  searsa  piofundita  di  li  i  feiioiiu'iii  di  i«)ttuiii  della  itK'simie  tied  teiicno  si 
propagani!  per  tutto  lo  spessore  siidtletlo). 

.Von  ))i)tendi>si  eontaro  snirapporto  resisleiile  ilelle  i>areti  laterali  di  diinon- 
sioai  1  •  !•  per  le  ragioni  siidtletti*,  lo  sl'or/.o  T  --  i.  A  T ,  dovra  essei'e  ipiiiidi 
soj)piHtalo  eselusivainente  dalla  stonina  delle  teiisinni  tangeii/eali  ageiiti  sidle 
arootli  base,  tii  tliaieasioni  l»  •  I,  dei  s»>giiifiili  deliinitati  dai  siiigoli  ])attiiii  •)  ®*), 
sill  piano  a  ])ror(indita  li  aiiziiletto  (fig.  4). 

La  teiisione  A  T  eseieitata  da  iiii  rainj>oni'  non  eesta  enstante  durante 
tutto  il  tempo  in  eiii  <|iusio  artiglia  il  snolo,  cine  dal  inoiiu'nto  in  eiii,  ratidnndo 
attorno  al  lueelielto  r.nteiinre,  eiitra  in  etnitatto  eol  terreno,  nno  a  ipiando  e 
preso  dal  lofclielto  niofoi-e  e  stillevato  <la  tt*rni. 

Si  riteiiga  inlatti  il  terreno  eede\(4e  .sicmulo  la  (4),  e  il  cingolo  avsnlii- 
tuniento  im-steiisiltilc  i*  rigido.  Supposto  ora  il  veieolo  in  nuiieia,  si  ccuisideri  il 
pattiiui  elie,  svoltosi  dal  roeelietto  anteriore,  e  iippena  eiitrato  a  eonlatto  col 
tcru'iio.  Sia  I  tjuesta  eoidigurazioiie  istantanea.  inentre  sia  Jl  In  configuvazione 
del  eingolo  ridativa  ad  iin  intervailo  tli  teniiin  snecessivo,  per  la  <pia!e  il  pntlino 
ill  oggftto  e  pis'eediito  da  uti  altro,  ossia  .si  irova  in  secoiida  pi'si/.iono. 

Ora  il  ranijKine  dt  1  I"  jiatliiio  tpiaiido  si  trova  in  pnsi/.inne  1,  agi.see  snlia 
paieto  AK,  tig.  4,  tlel  seginento  di  terra  eon  ana  I’oiza  ATi  elie  pnnoea,  jicr 
la  (-1),  UM  eediincnto  orizzontale  3. 


(.'oil  re.vanzare  del  i-ingdlu  (pos.  11)  il 


di  nil  niiovi)  pattino 


vieiie  a  trovarsi  in  te.sla  ••  si  eninporla  eonie  il  )>reeedente.  ■lelermiMando  n 
Mia  V(,Ita  lino  .stisso  eediiiiento  o  elie  si  ri pereiiole  necessn i';aiiiente  sii  tatta 
la  Iiinglie/za  tlel  eiiigolo  in  teiisiniie,  eciisiilerato  iiu'.sleiisdiile.  In  p.i it i.-nlare 
il  seeoiidi:  emlimento  si  soninia  a  ipiello  elie  il  jiattino,  ora  seeiaulo,  avevn 
gia  .viibito,  tleteriiiiiiaado  (piiiidi  uno  .spo.staiiieiito  2  5. 

•N't?  eoiisegiie  elie  (i.’iii  .segmt-iiio  tli  terrean.  nniii  iiiaai)  ehe  il  eingolo 
avaa/a,  .siiliisee  idlei  iwii  seltie.' •  iaiiiriil i  oi  i/./.iiii1ali  il  eiii  valore  eomplessivo 
t‘  deHiiito  da: 

Ai  --  i  •  5  iri) 

propiir/.innale  al  aaiaera  d’tndine  della  posiziaae  i-esinir.. 


■■  - 

-  -H 

I  ,  J 


•)  I^ijorar?  il  contrilnitt*  ro>i'loii/.a  tlojlc  parcli  InttTiUi  'cc  nii  erroro 

fi  ♦.uHo  fttvttre  tlrlln  >icnrey/a  <li  lunrcia. 

**)  Si  trasiMirniio  j;Ii  si'rs?»ori  sjM*r«»rn^  clu*  j'crtililro  m?i*o  dell (kd  5  •  <>  */r 

della  1  tlel  jmttiiio. 


Qiiiluli  anchc  lo  A  T|,  chc  per  la  (4)  sono  pvopurzioiiali  ai  rispettivi 
eedinunti  A,,  .sono  propoizionnii  ol  nuincro  d’ordinc  della  posizione,  e  cioft 
hunno  una  vniiazione  lineare  lungo  il  cingolo. 


Cedimenti  e  tensioni 


Posto  cho  I’intoro  oingolo  »>  foiiimlo  da  z  pattini,  essendo  S  il  cedimento 
elcnientarc  di  ogiii  pnttino,  ad  ogni  giro  complcto  il  rodimento  totale  sar& 
7,  •  6  c  (niiiuli  se  il  oingolo  porcoi  re  in  nn  giro  In  di.staii7.a  wD  4-  21* 
(con  13  diaiiiotio  di  rotolninento)  o  |)i>.sKi))il(r  osprimcrc  lo  scorrimento  rola- 
tivo  .s  m-lln  forma; 


z  S 

^  jrD  +  2L 


(li) 


1”  inti.Tossimtc  .studiaie  rniulninoiilo  dollo  lonsioni  tangcnziali  in  funzione 
(lei  eoiliinoiiti  1,  poiche  (piosto  fi'iioinciio,  oho  dipi-nde  anclic  dal  torrono, 
niruttcrizza  la  maroia  del  vcicolo  fuori  .strado. 

Si  o.saniiiiino  iiertaido  Ic  eoiulizioni  di  (■(luilibrio  tli  ogni  segmento  del 
.snolo  geiici  icainonte  iiidividuuto  dnlla  sua  coi-sione  c  >  0  e  (I'd  y.no  ('oc  fnoi(!nte 
(li  attrito  inU'rno  IgST;  e  si  prenda  in  ooiiNiderazioiio  il  scgnieido  i-o.simo  di 
dimcnsioiii  li  •  1  •  h. 

Per  (punito  detto  sopra  uii  gciierieo  segmento  ('•  solleiitato  complessivn- 
iiu’ide  attraver.so  il  pnttino  dalle  for/.e:  oriz/.ontnle  Ati  I)  1  ti  e  verticnle 

l» 

A  Pi  ~  1)1  m  oho  per  la  (1)  divontii - ~  AP  =  pi)). 

Ji 

Tc’neiulo  oonto  ddla  re.sisteiizu  id  lairJio  solo  drlln  bas('  del  segmento,  eioe 
tnisr-nraiidu  per  (luaido  dvMo  iiriiun  I'aiiiiorto  dei  fiaiiehi,  il  jialtino  i-i^simo 
lisulteri  in  cHiuiiilnio  llnolie  .sara  valida  la  reiazioiic ; 

t,  <  T  (7) 

(•■vsendo  t  la  tensione  di  taglio  niassiina  ehc  pno  sopi>ovtaro  il  tei'i'oio  in  o.sainc 
iiello  eoiidizioiii  di  .s<jllecit:'./.i>inc  in  ciii  si  ti'ovn. 

La  tciisi(jnc  t  e  legata  alia  pressiom*  p  d:dla  nota  rolaziotie  di  Coulomb 

T  -•  c  +  ptg(p  (8) 

olic  S  HCiiiprc  valida  per  terreni  coerenti  e  no,  per  il  juineiiiio  di  corrispondenza. 

In  fi".  5  si  c  J'apprf'..enta1()  I’andanivnto  dollc  tensioni  t  in  I’uiizioiic  dci 
cedimenti  A  i)('r  uii  dato  terreno  soggetto  ad  nna  jnesrsioiie  p. 

Si  e  diviso  il  diagramma  in  tre  zone: 

1’  zona  —  dell’adoiiTizo :  t  <  r; 

2*  zona  =  roUurn  dellVsiuilibrio  clio  si  veriliea  (piaiulo  t  --  t; 

3'  zona  =  degli  slittainenti. 
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Per  piccoli  ccdinicnti  e  verificala  la  (7)  die  per  la  Icpgc  di  Coulomb 
capressa  dnlla  (8)  motto  in  relatione  Ic  eanittcristiche  del  torrono  (o,  v)  con 
Ic  condizioni  di  liivoro  del  cinKolo  (ti,  p). 

Aumentando  lo  sforzo  di  titizionc,  per  corti  segment:  di  terra  potra  non 
vei’ifienrsi  pin  la  (7);  potra  nsultarc  eiot*  ti  >  t,  «|uiiidi  non  essere  pib 
verificatn  la  eond'ziiaic  di  aderonzii;  pcitiinto  si  pa.s.*«*ii  nella  zona  111  di 

m 

figura  5,  nicntre  per  .la  validita  della  st'ooiidu  dollc  (3) :  T  =  I  A  T|  itarte 

1 

dello  sforzo  (dnto  olio  in  fa.so  di  scivolnineiitii  r,  <  r)  verra  a  gravarc  sni 


Fig.  5. 


rampoiii  agouti  su  segiaenti  di  terra  ehe  prerodono,  ossia  laeiio  siilli-eitati. 
Qnesti  a  loro  voitu  jiotraimo  perb  raggiiingerc  in  soguito  il  limite  di  resistenza. 

K’  molto  iiiteiTssiuile  csaiuiiwire  rondainrnto  del  fonoiiu'iio  deiraderciizn 
dai  diagraimni  della  Mgurn  a  c  teiieiido  pi'eseiite  la  relazioae  di  Co'-doml). 

Pineiie  si  resta  ml  cainpo  dei  pieooli  eedimenti,  le  r  en'^eono  juopor- 
zioiialniente  a  tpiesli,  a  eoaferma  della  gin  iiidieata  (4):  p  =  ivy  die,  si 
rioorda  esprime  In  proporzionniiiji,  in  uii  leneao,  fra  Ic  piossioni  e  i  eorri- 
spoiidcnti  s<liiaceinincnti. 

Lc  tcii.sioni  T  crescono  molto  pin  rapidnmciUe  per  i  terreni  coereiiti  oi^sia, 
a  jiarita  di  eedimeiito,  le  solleeilazioni  langen/inli  die  iin  tcrreiio  e  capace 
di  sopportarc  seiizu  die  si  nuuita  iVipiilibrio,  sono  langgiori,  in  virtb  della 
eoesionc  c. 

Kajrgiunto  il  valoro  r,„„,  dato  dalla  formula  di  Coulomb,  iiol  caiujio  dei 
ierreiii  cocrciiti  si  ha  uii  crollo  della  resistenza,  appuiito  per  la  niaueata  prcita- 
ziono  di  c,  fino  a  sccndcre  ad  un  vnlore,  per  gvodi  A,  inferioie  a  quanto  ei  ha 


.vv.  if. . . 
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O 


per  i  tcrrcni  iiieootvnti  i  qiiali  linnno  rtcgli  anguli  di  iittiito  intcino  <p 
mnggiori  chc  non  i  tcrrcni  cocix*ntL 

Si  notii  pci‘6  ana  piocola  Cinluta  di  *■  anche  nclla  ciirva  doi  tcrrcni 
sabbiosi  ncl  pnssiirc  duHa  II  alia  III  zona,  per  c/l'ctto  di  iin  sia  pur  piccolo 
valore  di  c. 

In  base  a  quanto  si  i  visto  finom,  raiiflaniontu  dclli-  tensuMii  tat;g''nz.i:ili 
sotto  un  cingulo  in  marcia  fiiori  slradii,  puo  cssiTc  indicr'  con"'  in  t'.H'.'ia  6. 

uc2(no  ((i[i!(nu 


//-w  m'mixm  i  5{iromim 


ur.:i:nn  in(owti!it 


Kig.  H. 


Ncl  priino  cax«.  tornuo  cocicntc,  Ic  tciisioni  croscojio  circa  liiu  annciitc 
da  zero  ad  un  valniv  mnssiino  dati>  fornfubi  di  t'oulond),  (lopo  di  chc 

Chsc  calaiio  riipid:mn  nte  nd  ini  vidnre  t,  die  riio  uic  plii  o  inciu)  urduntc. 

Invccc  ill  un  li  rrcnit  incocrciitc  t^;il)bia)  si  ha  un  iiud.imeiito  ilapitrinin 
crcsccnto,  poi  iMc^^iiuito  il  vjiloic  liniitc  di  <lato  dallii  soliia  csprcssioiic 
<ii  Cmiloinb,  la  Jcasioiic  tiin”cii/ialc  si  inant'Ciic  iiivariata. 

In  un  tcrrciio  n.aU-  si  jHiJra  vcrilieniv  un  c.;.'0  inU-rinedio  fra  i  due  cstrcnii 
Nopra  iicliiMli,  scchmIo  it  rappiutu  .sahhia/ariiiUa,  il  grade  di  uinidita  o  la 
_  situa/.ioiu,’  di  coniji.'ittaxiunc  ilcl  ti'iivno  stesu). 


Detenniimdone  deU'aicirsa  crilica  dciraucrenzA 

{’crehiamo  in  ipialc  punto,  sottu  it  cingolo,  si  pvio  vcriliciire  hi  condi- 
z.ioiic  criticH 

I  (^)  “ 

l)or  la  qitclc  il  sceau-nto,  sollvcltnto  nl  mas  :i>:n)  dcllc  pussihi'.lta  del  ter’A  no, 
vicnc  taglialo  dainli)  Ino^o  a  unonuni  di  scorrinicnlo. 


' . '  •  * 
‘>V*- 


«.<  .  .t  ‘  ,  V  si’ '  ly  • '.I*'. 


.*►  .*•  ,*♦  .*•  *•' 
«-•  V  «-•  «.• 
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Non  conoscendo  la  rclaziom*  aiialitien  rappresontaiito  ratulHiiicnlo  icnlc 
di  dcttc  tcnsioni  tangonr.inli  in  fiiiizionc  dcil'asi'issa,  si  pongono  Ic  scgucnti 
i|)otcsi  scinplificativc : 

—  che  sia  valida  In  (4),  p  =  Ky,  o  (puiidi  !a  logge  di  varia/.ionc  di  t  (x), 
cho  pcrtanto  sak-a  liiieaic,  cioi-  In  t  (x)  saia  inoporzioiialc  alia  dislaii/a  x  del 
srgmcnto  stcsso  dall’ini/.io  di'H’oi-aia  d«4  eiiigolo; 

_ cUe  in  fasc  di  sc-oi-rinuntn  la  u-nsione  si  inaiitniga  oi)stiintc  c  uguolc 

a  T,  dol  punto  in  cui  si  vcrifica  la  cuiuli/.iuiK’  t  —  r.o.i,  fiao  all’cstrcino 
postoriorc  doH'onna. 

L’nn<laini*tit<i  delle  tcnsioni  siira  del  tipo  r.i|)]ii  i  seiitalo  in  tigmn  7  a. 
liO  sfon»  di  trazionc  T  lisnltora  in  iiiia  situazionc  g.-ncrica : 

T  =  1>  1*“  t(x)  -  A.x  +  ))t,  •  (L  —  s,)  (a) 

«l 

dovo  per  lo  ipotcsi  fatte,  dovra  e?»scrc  r 

t  (X,)  =  -  e  -  ptK(f> 

I.  -  =  p  Ik'  If  (10) 

Qniiidi  la  (fl)  diveiita ; 

T  =  -—  !.r„„  ■  X,  +  I.T,  (L  -  .V,)  (11) 

♦J 

Kiteiicndo  validc  ]e  (10)  e  (111.  <•  qtiiiidi  i  diagriuiiini  di  (i'pini  7,  si 

po:>orio  vorifienre  i  tre  scgiienti  easi-tipo: 

tirrrnn  cixmite:  r,  •%’ (c  in  ptutieoliire  t,  <  — .~)  '* 

.'forzo  di  (rnr.ionc 

1 

T  ^ - r„.„  •  L 

?:  otlicTiC  (juar.do  t*  hsinr.i?  riirri's-.i  n  “  L  i*  In  S’l;  ornto  iu  In!  ]ainti) 

H  rurrio  al  sulilo  ilnlla  (K))  il  (iitni  in  a  lo  sJor^.o 

i'll  po^si'/iilc  «ViYcn!ft  ji.iinnv;  T  =  t,  h  L  (A;;.  71)); 

tfi  fciiit  iiKiii  rente :  T,  -  T...,,  (c  in  pai  Inolnre  r,  >  - ^  il  njassiiiio 

sfnrzo  di  tir./.innc  si  oltiine  <|nnni1ii  lilflo  it  tin.' ulo  e  in  tnsc  di  slill  ennln.  In  (iMostn 

taso  111  sforzo  di  Ira-'iiinc  T  =  t,  lil.  «•  (jniiidi  il  m,'l,s^.ilrlo  ()i;T.  7f); 

...  I  .■ 

trrrcito  iiiterwriliftl  t.,  - .  In  (|nesto  jiarl n'lil.iris’iincj  lo  .slor/.u 

di  trozione  T  rcsia  poslmiln  in  i|ii:il.:iiipie  emelii'.ii'nc  ili  aderi’ii/.T  o  di  shltnnicntn 

patziale  o  tolido  del  ciiipjlo. 

Cioe  81  ha: 

1  1 

T  =  hr,,,..  •  h  -  hr,  L  =  -  —  '<  r,,,„  •  .x  1  hr,  (h  — -n) 


eomo  si  pub  verifivnre  pnnciido  r, 


UtAI 


(Op:,  vd). 


;  Quosti  ris'iltati,  dciUitti  «la  (•ons’ulciaziniii  lil'i'rito  ad  iinu  brlu'iiia  dtlle 

1  UMisiojii  si'iiiiilificnto  notcvuliiu-iilo  coiuoditu  di  sliidio,  liaimi^  uii  valoro 

:  piirnmonto  qiialilativo. 

Prove  di  Jaboratorio 

t 

.  Visla  I'liniioitan/a  ui  vonoscciv  i  tciiuini  clu;  inti'i'\cii}iOiio  iiolla  csprcssionc 

I'  di  Coulomb,  sara  oitpoituiu)  dotvnniiiai li  i-on  la  niassiinn  cura,  coi'cnndo, 

i  "V  iicila  lijirwliizioiie  did  foiutiiuiio  in  lalan-atorio,  di  manti  ncrsi  il  piu  po^^^ibile 

adcivnti  airamlaiiKMito  n-alo  did  fonoiucno  stoMso. 


I 


Esistono  (livci'si  pi'ocodimtnti  per  ricavarc  e  e  <p,  frn  eiii  molto  noti  sono 
quelli  dell’nppnrccchio  triassinlc  c  dtdlu  scntola  di  Casjigmnde. 

Qiicst’ultinio,  forsc*  il  prinio  in  ordiiie  di  tempo,  e  indiihl)inmciite  il  piiH 
adatto  alia  ricerca  in  oggetto  pcrche  riprodiicc  esattamonte  I’nzionc  del  pattinp 
e  del  rninpone  sul  terreno. 


Him  mu- 


-mmMuti 


.mmiit 


utm  mu  - 


-niMmtii 


L’appa  recoil  in  oonso.lo  (fig.  8),  in  una  coppia  di  tolaietti  quadrati  di 
area  S  che,  sovrnppo.sli  vonpono  cliiii.si  sopr.a  c  soHo  da  opportune  pictre 
poi'o.se  fra  le  (lunli  e  stato  promlontcmenlc  posto  il  provino  di  terra  in  es;imc. 

Il  tclaiotio  iiifcriore  o  fi.s.so  al  liiimo,  n.eiitie  il  «uperioi-c,  sulla  cui  pietra 
porosa  i  posto  un  earioo  1*  verticalc,  vieiic  solleeilato  a  ?i)ostarsi  da  una 
forzn  orizzontulc  T.  V'n  inieroinctro  niisiirn  gli  spostiiinenti  relativi  dei  due 
telaiotti. 


Si  ha  pertanto;  r  = 


S 


Fissato  F,  si  aunicnta  T  flnchc  non  si  produce  un  sc-nsibile  spostanieiito 
del  tolaictto  mobile. 


Si  riprlc  In  pi-ovn  diverse  voile  variando  P,  e  di  conseguenr^  T,  c  st 
disogna  il  diagninima  di  figura  9  die  indivtdua  i  termini  cereati  c  c  <p,  permot- 
toiido  di  Rcriverc  In  formula  di  Coulomb :  t  =  c  +  p  Ig  i*. 

II  nu'tCKlo  della  seatola  di  Cnsagmiide  o  utile  e  prulico  anche  i>er  dctcr- 
niinnrc  il  cwfUcicntc  <f  del  torreno  a  eontatto  eon  iiii  eoipo  di  altra  natura, 
per  csempio  luia  lastra  metallic*. 

K’  il  easo  del  eiiigolo  eon  pattiiio  piatto  di  cui  sono  geiicralineiite  fornitc 
le  gill  e  le  I'seavntrici  da  cantierc;  ' 

Si  Mistituisec  nllorn  uno  dei  due  telnietti  della  seatola  di  Cnsngninde 
(nieglio  il  siiperioix')  con  unn  lustra  iiietallioa  c  si  rii>et()no  Ic  prove  sopra 
desoritle. 

Ksistoiio  duo  tipi  di  <|uoslo  apiiareeeliiu  sis.'ondo  Ic  niisurc  del  provino 
di  terra :  eiii.  7X7X2  e  en».  30  X  30  X  15. 

liidulibiaiiuiite  tier  eoiiipietv  le  rieerelic  in  materia  di  eingoli  si  presta 
nioglio  la  si-atula  di  dimeiisioni  maggiori. 

Fropoai2ioDe  conclusive 

K’  pdssibile  studiare  le  ••oiuli/.ioni  <li  adereii/Mi  di  uii  luer.zo  ciugolato 
foriiito  di  pattiiii  a  lampoiii  in  mareia  fuori  sti'ada,  coiioseeiido  le  carattc- 
ristidie  del  trattorc  (b,  1,  I’,  T)  e  tpu-lle  del  lerr.no  (I'ornmla  di  Coulomb). 

Iliguardo  a  (piesto  .si  ..•ub  ricordaro  die  i  iiuzzi  cingolati  die  Inyorano 
alia  eorftruzioiie  di  graudi  opere  in  terra  (argini,  diglie,  rilevati  stradali,  ecc.) 
si  ritrovano  |M’r  lu  piii  a  pefeorreiv  un  terreiio  .li  out  .soiio  note  c  sufiicicii- 
teiiii'nte  .'Ostaiiti  1<*  earatteri.slielic  geolisieluv  e  (ptindi  non  e  azzard.ato  pensavc 
die,  ndrinipostaro  il  <aieolo  dei  eicli  di  trasporto  per  la  costruzionc  di 
queirojiera,  il  teciiieo  possa  utilizzare  viiittHggio.'aniente  le  eono.^eciizc  «a 
priori  »  del  snolo  siil  ipnile  pas.s**iaiiiio  i  lue/./.i  eiiigolati. 


Factors  affecting  wheeled  tractor  traction 
on  sandy  loess  soils 


Fattori  influenzanti  la  trazione  del  trattore  a  ruota 

so  terreno  sabbioso 

IfoRDKl  IlAi  W'kINIILVM  -  Sa.M  I  KI.  OUI.OVSKI  *) 


ABSTRACT.  —  Thij  work  was  derated  to  the  inrestiffation  c!  the  effecis  oj  several 
/actors  on  traction  of  a  wheel-type  tractor  in  sandy-loess  so::.  An  attempt  was  also 
made  to  determine  the  relation  between  traction  et.d  soil  slrfnf;tf;  as  measured  by 
several  field  methods.  The  fiiitcx.ng  factors  were  investigated:  a)  weight  on  the  driving 
wheels:  bj  fonvard  speed:  c)  deal  tires;  d)  reversed  direction  tires:  c)  retractable 
grousers,  front  and  rear  hclj  'racks  and  four  wheel  drive:  and  f)  soil  strength. 

Drawbar  pull  versus  slip,  trnctive  efTiciency  oud  (n-aw'rar  hone-power  were  deter- 
mined  for  each  factor.  These  curves  were  culoulaied  u/ter  linear  irans/oi  maHon  of  the 
e.rponential  function  conuecfiiig  slip  and  draiebitr  pull  (S  —  Aeicci.  O’j.'iri  aticus  fitted 
this  function  well  in  the  mcc’.ured  range  of  slip  tup  to  The  con, .tar Urn  between 

treatments  was  made  with  drau  tiar  pull  at  20  slip  a  criterion. 

Soil  strength  was  measured  by  a  yenetromCicr  and  by  a  rrue  sheer  apparatus. 
Comparison  of  these  methods  was  made  under  bvih  field  and  la'jorciory  cj.iditions. 

Result:  of  :hc:e  tests  s'tcio  that  the  ryriiii/ lo-.?  <>/  the  .so  l  hes  c  I'ccidi.ig  cifect 
on  the  traction.  At  20  slip,  additioual  weight  on  the  driving  ichecls  hicrcased  pull 
under  all  soil  conditions.  A  de/ii.ite  tendency  of  increase  in  the  cccpicle.it  of  traction 
with  increase  in  weignt  was  at’o  delerv:inrd.  Dual  tires,  retractahle  yrousers,  (liitl  front 
half  trcck.i  caused  no  improvement  in  traction.  So  e'Jrct  of  .lo'ueid  rpeea  on  drnicbnr 
pull  at  20  '"<■  slip  was  found  in  the  range  1.22  till  2.24  m/rec,  tercept  (',ie  test).  The 
cornhir.ntion  of  m  driving  tvheeis  and  farwurU  sjircd  teas  cUoricn  so  that 

the  efficii'iicy  of  engine  prjtccr  leculi  be  uiasimusn. 

Rear  half  ircchs  ,tc-ir  itii'.eel  drive  improivd  traction. 

Oliservati'Xis  from  Inith  the  p'rm.ironicter  and  the  fane  shre.r  (resiural'es  showed 
a  tcndeeey  to  hi, cor  correlation  -.c’.th  the  pull  c-.."f;i,  ic,,t.  It  sec,..:  t-'ioi  the  u-  .i.tronii-tcr 
is  more  tcnsitive  then  the  srco-  d  device,  espv-icUy  in  t'.iii  with  a  r.on-vnifc-.fi  -profile. 

The  effect  of  Uiioht  on  the  driving  wucels  in  loo.-r  sanilv-toiss  soils  ha:  not  been 
sullcienCly  ciarified  in  t'le.re  tests. 


Lit;  oductioa 

Tho  i;.s('  Ilf  wlh'i'l-fyjic  triioti'i-.s  for  n^rii-nJt;!;  :!  [pi'.rjm-";  in  iiriMs  uf  s:iiuly 
Of  spiiii-sniiily  soils  is  vory  limitcil.  I'.so  is  liiiii;i  d  to  !'i)us>-  jobs  niii  ))c 

m-coiniilisIiPil  at  spisds  and  that  do  iii-t  I’  lnand  dra\.i.ar  pull. 

Eilii-iciit  use  of  wheel  tiaetoi-s  for  low. -peed,  ii';'h-p'jwi'r  ivls  is  iiiipo.'silile  in 
tlu.si-  areas  because  of  low  soil  stivip'th  aiul  poiir  Iractioii.  If  we  ceii-ider  the 
various  ecoiioniie  aiuI  fiUict  i-jiial  .idvaiitaj^es  of  v.  !-.;  cl  type  ti  .'.'tors,  tl.e  Mece.s.sity 

•)  nc:=earrh  Kn;,inc'*r,  r'rirri  ?.l  ^rhincry  i  rmil  I'm! viT.^liv 

L^cth  Dr.:C!jn,  Israel  au-1  f’va:<»f  Lx'cJuror,  Kcatl  oi*  Vr.-'n  y»‘iion,  mciit 

of  AgrlcuUnral  oi  iinijA,  Israel. 
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of  findinj;  \\jiya  lo  w'doii  fho  soopt*  of  wheel  trnetor  use  to  tlicsc  areas  while 
incrensiuj;  low-speed  offieieiiey  iH'eoines  appiiiTUt. 

The  purpose  of  this  study  was  to  deteriniiic  the  factors  iiifliienciiif'  tire 
grip  in  the  siuidy-lmsa  seiils  of  tlie  Ze'iliiu  area,  ami  ways  of  measuring  them, 
as  well  os  to  fiml  the  soil  eharaeteristies  tlial  best  eorrclnte  with  tire  grip  so 
that  results  would  lx*  adaptable  to  eoudilioiis  differing  from  those  of  the 
experiinenL 


Work  procedures 

1)  Ih.iritig  the  research  the  frdlowiiig  factors  were  tested:  a)  Weight  on 
tlie  driving  wheels,  h)  Forward  speed,  e)  Ret  raolaltle  grmisers,  fiuiit  half-tracks, 
ivnr  lialf-traeUs,  dual  tires,  tone  wheel  drive  and  din’etiou  of  tire  tread, 
d)  Ctiiiditioii  of  soil  surface.  An  a4ltlili.inal  aim  was  to  determine  a  field  pro- 
eedun'  for  incasuriiig  soil  strength  whirli  wuultl  permit  an  evaluation  of  the 
wheel  tractor’s  traetioii  on  the  tested  soil. 

2)  1‘laiiniiig  of  field  tests;  the  tests  inclndetl  ;  si-ven  static  weights  on 
the  drive  wluvi.s:  at  IWO  hev.  It'GO  kg,,  e)  2100  kg.,  .1)  2200  kg.,  e)  2:120  kg., 
f)  2.'J(iO  I;g.,  g)  2650  kg.;  ihei-e  forward  sj.eeils;  I)  4.5  kpli.;  -  4,7  !;ph..  11)  C.O - 
(i.d  kpli.,  Ill)  f'.a  -  Si.S  kjth  ;  and  fenii-  surface  eonilitions;  ))  Fr.cked  soil  ecna  risl 
with  a  l.iu,se  layer,  2)  Uin-ultivated  soil,  0)  Phniiil  soil,  e.n  1  4l  Wet  soil.  lOaeh 
fiietor  was  examined  in  groups  according  to  the  following  air.’.ngeiiient. 

1  2  .t  4 

I  l*,c,'hC 

It.  I',  c  a,  0  a,  c  n,  f 

III  li,c 

.'suh.M'inicntly,  eiint|i.iiat ive  te.sts  Were  ea’.lird  out  at  one  .sjieril  (II)  and 
on  three  soil  conditions  (2,  2,  4)  la-tween  .i  1 1  actor  with  l  egtilai'  tire  s  iuul  each 
of  tile  folle-ving  :  A)  Itual  lin-s  (fig.  15),  i1)  Tiros  with  rc\  e'.'si  tvoads,  C)  lov 
tr;e,-tal)ie  gron-ers  atu-i-hod  to  tin-  lin-s  (tig.  ITa,  h),  D)  l-’i-ont  Imll -tracks 
(fig.  IS),  1-1)  Rer.r  lialf-li.Tt  Us  ifig.  la),  F)  !-’>>!. r  wlu  i-l  dri\'o  (fig.  2i)). 

2)  Yi'i'i  k  ineti-.ods,  Tlie  li.i  is  for  lalculatt  jn  ot  tin-  ti'.-ietion  ot  the  tractor 
was  tin-  P-S  t-nrv<-  whii-ti  .-.hows  the  relation  hotwion  daawl.ar  pull  and  slip 
for  eneli  test.  The  forwend  sy.i cl  :i”d  rolling  n-si.siam-c  in-re  also  nu-asn.i-ed  i'or 
thc  calculation  of  elrawhae  hocst-  ponaw,  loiiiag  re.sista.neL'  l.oi’.sO  iiowei-,  slpi 
hor.-sP  pov.cr  and  tractive  t-!!icicnc,v. 

-1)  l,ahio-;,u>i-y  tests.  Too  ine'-h.'ids  for  s.’il  si  l  ength  iiicasiireincuts  were 
eoaiparcd  ued-.-r  contixi'cii  eemtition.-: ;  a)  resista.nee  lo  a  pi-m-ti-onu  ter,  b)  the 
nioaien;  iii-i-ded  to  torn  a  vnia-  :1  ear  an|ia,-,- itiis.  The-  snim-  met  I'.'"!;,  wi'ro  used  also 
in  the  liold  t  t. 

The  Soil  s.im-.ile.s i'-  i>i-c->.i; ■  d  at  two  Moi-turo  contents:  a)  bygeo- 

sc'jaic  ino'.s'.inv,  b)  c-lC ’.noisture  content. 


Soil  .sniMj>lo»  fvom  cnch  m«>istMre  group  wore  toniiuTsstd  uiiflrr  five  pn-s- 
sures;  1)  noii(*on>iircs.sLil,  2)  0.5  kg/eru*,  3)  1  kg/em%  4)  1.5  kg/ciu*,  5)  2  kg/otn*. 
Coniprc.ssion  u'ji.s  .nehieved  in  a  .six-eial  device.  Kacli  trciitniciit  was  repeated  at 
least  three  limes. 

Obscn'iiiimts.  —  Two  readings  of  resistance  to  the  penetrometer  and  one 
reading  of  tin'  .slieaiiiig  iiioineiit  of  tlie  vane  sliear  iij>paiatns  were  taken  for 
each  saiMiile  of  a  eerlain  treatment.  Soil  density  for  the  entire  depth  (17.5  cm) 
was  incnsnred  every  2.5  cm  for  eaeli  treatment.  Moisture  distrihutioii  was  also 
measured. 

Direct  tliKir.  —  Kor  eomjiarison,  soil  stri'iigih  was  als<)  measured  by  direct 
shear  in  the  lahoratory.  The.se  nie;isui\-nieuts  were  made  at  both  moisture 
eontonls  and  four  stages  of  eompre.ssion.  The  horizontal  deformation  curves  in 
relation  to  .slii  ariiig  stisss  were  det«r!ninod,  and  the  normal  stress  vorsn.s  sliear 
stress  curve  was  also  nhtiiined  through  ealodaliun.  The  coinparisou  «if  the 
result.s  of  this  test  with  those  of  tlie  lumetrometer  and  the  vane  shear  apparatus 
test  is  St  I  icily  ipialitat  ivo. 

/fesidt.i,  —  I)  t'oil  ela.ssilh-al ion.  The  average  meelianieal  composition  of 
tlie  .soil  on  wliieh  the  tests  Were  eundiieted  is;  clay  4  ,  silt  1  ‘.f,  fine  .sand 

51  coaise  sand  44  fc. 

Classification  will  now  he  made  of  the  I'one  soil  condilion.s.  1)  Alter  seven 
suhsnrfaei.'  sittings  of  euueli  gra.ss  every  Ion  day.s,  the  area  was  disked  before* 
tests  were'  made,  creating  a  lO  cm  lavim  of  loose  soil  over  a  hard  bottom.  The  soil 
was  dry  (liygl<>seo])ie  moisture).  2)  rneultivated  soil.  This  area  had  not  liven 
cultivated  for  .several  years.  The  b.ml  was  .slightly  rolling,  and  Was  eoverivl 
Ity  sparse,  ili'.v  vegetation.  The  moisture  was  only  liygroseonie.  3)  L'lumltivai'eJ 
soil  j'hiwvd  (i)  a  dv]>th  ol  .30  cm.  .\lter  plowing  the  suriaiCe'  reiiiainvd  level. 
The  inoi.stni'c  w::s  hygn'svopie.  4)  Thi>  soil  was  eoinnaeted  a.l'ter  twelve  sub* 
.N'.ufaee  ciitlings.  Tliis  livid  wa.s  irrigatcil  lor  tluse  lumrs,  lour  days  betore 
tv.sling  hegaii.  Ihiriug  the  test  tlie  average  moisiare  at  difivrvnt  ilejiths  was 
0-10  cm  5 /z,  10-25  vm 

Soil  slnui/lh.  I’he  avei.-.ge  obsvrvatiotis  of  soil  strength  for  eaeli  of  the  four 
.soil  vondiliims  are  li.stcd  in  tabic  1. 

Druicbdi'  i>iill  n  rx'is  tire  aliji  i  nrre.  —  2)  .'.naly.sis  ot  residts.  It  is  ncee.ssary 
to  cNpress  this  enrve  in  a  fuuetional  form  hy  mojuts  of  tliv  measured  data. 

After  several  altempt.s  to  tit  luiutioii.s  to  tlie  liUM.Muad  points  by  statistical 
iegres.sion  iiM'lliods,  the  following  fmietion  was  found  to  1k'  iin'st  suitable: 
S  —  Ae’**’,  S  -  slip  (b'c)>  I’ -drawbar  pull  (kg),  -\,  H  -  empirical  eonstants. 
Fitting  till’  I’uiietion  to  measured  jxiint.s  w.is  aeeoinplished  after  the  linear 
Iransforniat ion.  In  S  —  tn.A  1-  IIP,  ami  after  deterininaiion  of  the  regression 
line  of  I’  in  relation  to  !nS  hy  the  .•ieiei)ted  inetho-.l  of  least  squares. 

Critcriun  of  nuaperwa.  —  The  drae.har  [n\ll  at  20%  slip  was  elio.seii 
Its  the  eritv'r'ion  for  I’omparison. 


A. 
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The  vnluc  of  dnwvbnr  puH  at  20  slip  (P„)  was  dotenHinoJ  from  the 
cnlrulatod  cuvre.  For  statistirul  compni'isoii  botwron  the  various  ti-catnionts,  the 
stamlaril  error  of  the  points  from  the  ivgi-cssion  line  was  chosen  as  the  best 
jippioxiiualion  of  the  variance  arou*  i  1*,*. 

Drnwhar  horse potcer.  —  Drawbar  hoiNt'power  cur\‘es  were  obtained  from 
data  ineasuixsl  during  the  tests,  Kxpivssing  the  drawlvaf  horsepower  ns  a 
function  of  slip,  ifiul  inserting  S  =  Ae”*’,  deriving  the  expiessioii  for  P  and 
equating  to  /.i-ro,  we  obtain  an  equation  in  which  the  vainc  of  P  for  maximum 

-  -  too 

drawl)ar  l\orse  power  is:  e^**  (BP  =  — — ).  Tlie  value  of  ptdl,  slip  and  inaxiiuum 

drawbar  ho'.'se  power  wore  deteriuineel  f4ir  each  treatment  by  trial  and  error,' 

Triutiie  <ffuicnc\j.  Kngine  power  was  not  numsuivil  during  the  tests. 
Dniieit'ncy  eun  be  estimated  by  Ihe  f«Jlowing  expivss'ion: 


»?  = 


P  1  U 


(I 


s 


100 


when  v  tractive  efiiciciioy  and  B-rolliug  'vristaiice.  By  ins»'iiing  ecination  (1), 
dcrivitig  and  eiptating  tbe  expre.vsion  to  zi-ro,  tlie  following  eeptation  was 
obtained  from  which  it  is  no.ssible  to  calculate  efficiency  at  inaxinnim  pull  and 

It 


the  corrcsj)(»mling  drawbar  pull  and  slip;  e**'*  (Bl**  +  BKP  h  K)  = 


A 


100. 


3)  Traction  as  atVecti'd  liy  weight  on  driving  wheels.  The  1*  versus  InS 
rcgrr.ssion  lines  for  difiVieiit  weights  on  the  ilrivo  wheels  niuler  tite  variou.s  soil 
conditions  )»revioUsly  described  are  shown  in  lig.  -'I.  .\l■.al^■.sis  of  the  restilts  is 
given  in  table  2. 

4)  Traction  r.s  affected  by  forward  spowl.  Jtesults  r«)r  this  jiai  t  are  not 
iiniform  (fg.  4,  table  3). 

0)  The  resiilt.s  coiu-erning  dual  tires  are  given  in  fig.  n. 

G)  Keveised  directimi  tire.s  as  eomparotl  to  oislinary  tires. 

On  the  sui>po.<iliuM  that  the  aeeepled  direction  of  tire  tread.s  can.so.s  .soil 
inovcnioni  from  the  center  of  the  tire  toward.s  its  .side.s,  and  that  this  is 
a  negative  iilieiioiaenoit  in  the  pariievdar  soil  of  iluse  ti.sts,  an  i  xperiniont  was 
made  to  determitie  the  effect  of  irvei-siug  tread  direction  on  traction,  h'ig.  14 
clearly  shows  tlie  greater  .soil  deftu-nnilion  ercated  by  ordinary  tread  a'dion, 
Ibaadts  of  the  experinu-nt  ftig.  6)  are  not  nnifonn.  For  .soil  condition  3  no 
difiVri'iu’c  was  found,  h’or  soil  eoiulitioii  4  reverse  treads  causv'il  a  20  fc  increase 
in  drawbar  pvtll  o\er  ordinary  tread.s.  Tiiis  dift'errnee  proviMl  to  l>e  statist ieally 
sigiiitieant. 

7)  The  results  coneerniug  relractalde  grousers  and  fnmt  Indf-traoks  are 
given  in  fig.  7  and  table  4. 
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Kin.  'J,  -■-  Api'nrntu^  fur  mIiji  miMi^iirriiii'iit  (nt''>i'rnl  \ie\v). 


S)  Till'  iTsults  fotu'i'iniiin  roar  Imll'  Irmks  ami  I'mir  uIh'i-I  ilriio  arc 
iii'cn  in  f.5».  S  fuid  tabic  5. 

9)  C'jiuiilidn  of  the  soil.  l-llVi'ct  on  ilr.i'voar  jitill  ami  nu'ilioils  of 
iii''.as,iii’m''in.  l{l•>n!t.'.  (fi*'.  II,  lalilo  (>)  ch'.n'lv  slmv.'  tl.o  pronmmi-cil  ilVvi't  ihnt 
^oil  ccictiirii.'ii  has  on  tvaotion.  Traction  f,!;-,  ))o  cvjo'ts't'd  ns  a  sio.i:!''  nuaiiar 
1,y  u  ;io^'  i'll'  rii'  i~i.  iv:it  of  tn.ition  at  hO 'r  slijy.  'I'lds  coc.'.h'li at  I'ls-:;  i  .l  1'rmn 
!  t.'i  r;;  fur  Miil  (•i'mrnio;(  3  to  3,1  f,,)-  vnmlition  -I.  Only  s'.i  rlit  ilii  V':  was 

found  b; i  n  i-oiuiitio’is  1  ami  4,  ami  tiii.,  hii’iiai'  S  tlial  t/’o  luosi-  layor  had 
a  iv' ciViu ;  on  tun-lion.  'The  offi'ct,  of  sail  coni  ion  on  luas.imnin  drawhai’ 
bora’  j;r,v.\r  iMid  imixinuiiii  tr.wti'.c  (oloiini'y  was  ]irmioiuu''d. 

Tfic  rt,'<i(iu>i  h(iiic(n  .wi7  tlianii!cri:.ii(  s  and  Inutiou.  ~  Tho  ii.rions  soil 
<'ii(;ili»ioii ;  diri'criil  from  ••acli  utio-r  in  ih-nsily  of  thi  surfra  i',  di'))th  of  'ihe  Irjosc 
layi.-r  and  nioislurc  t-ontmt.  I'l.Mi'iit  lor  ri-mlition  1,  tlm  soil  was  iinliorin  lo  a 
depth  of  at  lea.st  30  eni.  Tlie  euive.;  relatini;  i  >  i  f  h'ienl  of  traction  mid  soil 
.s!ren;;tli  are  slmwn  in  !i”.  1(1.  Tlu'  numlici-  of  -aiil  ci,;;  ’.iriou-;  '.s  too  .‘■noill  to  jH'rinit 
di  (inite  conelnsionM  as  lo  thi-s  r■•i•■;l  ioinslrij).  It  :;'’ns  f’oni  th.csc  eiicvi  s  that  a 
eorrclafiou  exists  bet'.'.ecn  tii-.’  coctiicicnt  of  i  I'.icir.a  and  i'.-.a  ii\  cra;,e  tn 

f!a'asiir.".ncnt.-i  as  ip.' need  by  tla-  two  in  .U'nm- nts,  rld'.i.n.  ,h  pem  iro.:-, 't.-i' 
Sc.ldimrs  'jbe  bcttl  r  apl'acl'U-nt.  T'ac  valiC  s.la.ir  a  p.n.itvs  ic.al'n;  s  „rc  not 
aicuratc  for  soils  v.iiii  Mon-uiiif<>r:n  cjt.  s  ^oclha.i.  'i  I  cier  t’.c  icsnit.-;  for 


// 
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Drawbar  Pull -Kg. 

liro'*  v?i  «»r«rinnrv  lin*.'-. 


Tlic  i)iisui  «1i(T»T('iUM*  ht'lwmi  ilry  ihk]  wot  soils  w:is  oviilcnt  from  (livort 
•slifiir  tosls  ill  tJu*  liilhiriitory.  In  <lry  soils,  tlio  coliosion  ('oofficioiit  dors  not 
<*h:iii);i'  ivilli  pivoomiiis-ssion  mid  |■(■lll.•lins  /ito,  wliilr  ])iTroiHpri'ssioii  in  ivrt  soils 
Ciinsos  nil  incronsi-  in  rolu-sion  forfliciciil  vidni’s,  :md  n  (Ici'icnsc  in  tlu'  fiiotioii 
Jingle. 

It  .should  ])e  noted  llint  in  hoih  diieel  shenr  iiiid  tiMctor  !ietioii  soil  shear 
neeur.s  under  n  iiornud  load.  The  two  instniiniiUs  used  for  ineasiiriiig  soil 
slreiielh,  Iiowever,  ilc/  not  proiluee  n  nnrinal  load.  The  diserepauev  between 
the  teeludque.s  of  inensuring  Iraetioii  :ind  soil  strength  di'inands  that  further 
rcseui'oli  be  done  on  instnuuentntion. 
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Dinamic  Tr&ction  Coefficient  Sinamic  Traction  Coefficient 


a. Soil  Strength  measured  by  Penctromelep 


i 
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b.  Soil  Strength  measured  by  Vane  Shear  Apparatus 


Maximum  Shearing  Moment  Kgcm. 

!■*.  -  'I'Ik'  trut-limt  >i»il 


Precompression  pressure -Kg/cm* 


a .  Penetrometer  Measurements 


Energy  Tor  penetrometer  - Kgm 


Max  shear  momenl:  -  Kgm  • 
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Conclusions 

1) .  Till'  ('\|)iiiiriii iiil  fiiiiriiiiti  S -- Af"'",  tin*  coiuu'ction 

lu'tuicii  iliiiwliiii-  pull  ;in<l  till-  slip,  tilted  field  <»hs.  rv;iliiins  well  in  the  raiipc 
1)1  O-')0  slip.  This  iiiiielioii  iH  iiiiits  .iniil.Mie.d  deteniiiiiatioii  of  iiiiixiniiiin 
drawhiil'  horse  power  and  iiiaxili:liiii  traelive  eflicieliey  values. 

'!).  Additional  wei"}it  till  the  «lri\  ill"  wheels  eaiiseil  an  ineivasi'  in  drawbar 
|)ull  at  20  '<  slip. 

2) .  .\dililional  wei"lit  nii  the  driving  wheels  eansed  an  inereasi'  iu  the 
ihnaniie  eoiftieienl  of  traetioii  niiihr  all  soil  eoiiditions  e.\eep;  eondition  3. 

4) .  ;\ddiiional  weight  on  the  driving  wheels  eaiiMsI  an  iiiereiise  in  the 
luaxinnnn  drawbar  liorsi'  power,  'ihis  oniput  was  aehieved  at  hioh  .slip  values 
(about  do  ‘  1 1  lor  most  treatnn'iils.  This  I'Xereds  the  iioianal  rauj'e  of  .slip 
dill  in;'  work. 

■)1.  The  ma.'diiniiii  Iraetive  ••ftieieney  iiieieasisl  only  sliohtly  with  ad¬ 
ditional  Weielil  on  the  drii'iii;'  whis-ls. 

ti).  No  elVei-l  oi'  rorward  speeil  on  drawbar  pull  at  '20'}  slip  or  on 
iiia.xiiiiiiin  ir.ietive  eflieieiiey  was  I'oiinil  tor  most  treatments.-' 

7).  'rile  data  eoiii|iiled  in  tins.-  tests  enables  detei'iiiiiiation  of  the  ojttiiiial 
eoiiibinalioii  of  weight  on  the '  dri\  iii^'  wheels  and  forward  .speed  that  will 
insure  more  enieieiil  use  of  etioitii'  (siwer  for  puHino  while  liiniliii;;  slip  to  20  '}■. 

5) .  Dual  tin  s,  retraetable  I'ronsers  and  front  half  traeks  ju'oM'd  itieffieient 
as  aids  for  iiieivasiii;'  the  traetioii  of  the  wheeled  traetors  on  sandy  loess  soils 
for  all  four  tested  eoiidilioiis. 

!l).  Hear  half  traeks  iiiefi-ased  slightly  the  dynainie  nHfTieient  of  traetioii. 

10,1.  The  four  wheel  drive  iraetor  inereiised  slioliily  the  eoeflieieiit  of 
Iraeiion  for  soil  eondition  4.  Stij'i-rior  traetioii  as  eonipared  to  the  ordinary 
liaelor  also  arises  fnriii  the  Inlal  weielil  iilili/ation  realized  in  four  wlnsd 
dj-ive  Iraetor. 

ID.  .'soil  I'ondition  has  a  j'lniioiineed  inllin'iiee  on  the  traetioii  of  a 
wheel-type  ti actor.  teiideiiei'  toward  eorrelaliou  was  found  Is-tween  pene¬ 
trometer  and  vane  shear  appar.itiis  data  and  the  eoefllcii  iit  of  traction. 

1*1  'aetroiiU'ter  lile.ssari  an  nis  proveil  more  sensitive  to  ehall^’es  in  soil 
streiiotii  than  those  of  the  vaio'  slmar  aiiparatiis  for  soils  with  noii-uiiifurin 
strength  profiles. 

12).  b’esiills  permit  a  ronuh  estimate  to  he  iiiaile  of  the  em'ffii’ii'nt  of 
traetioii  ihrmioh  data  oblaiinil  from  one  of  the  methoil.s. 

Id),  h’litiire  w'oi  k  will  el  traetor  action  in  sandy  Im  ss  s*)iU  wa.s  iinesti- 
"ated  from  the  point  of  view  of  traetioii  only.  Other  asiieets  of  the  problem, 
such  as  stability,  steering,  iiiaiioeiiverabilily.  ele.  h.ive  yet  to  be  iiivestipalisl. 

'I'lie  eeononiieal  aspect  was  alvi  omitted  from  this  work.  aIthou;;h  this 
w  ill  be  a  deeisix  ie  fai-tor  in  delermiiiiui'  the  scope  of  wheel  Iraetor  use  in 
these  areas. 

Field  determination  of  soil  streiietli  and  the  eornl.it ion  I.'elweon  .soil 
sireneth  data  and  traetioii  in  .samly  loi-ss  soils  have  yet  to  bo  imjinjved,  and 
additiumil  research  is  in'eded  on  this  siibjoet. 


Disc  r  s  s  I  o  iV 


H.  MEY£R.  —  M«‘ine  llrm'ii,  irh  jrlnnhr,  •la.-^s  airs  «lcii  Vortrii"<'ti  oiiil  DisVua- 
sionsIwMlrii^ou  Voriiiilfnn*^;  Si-liln»riil};iTnii}:i-n  p'/njii'ii  wcnU’ii  kiiiiiion. 

IcU  iiitK'liti*  til'll  AiLstTtliniii;;m  vttn  l*niffs.-tir  lit-kki'c  aat  Si-Uluss  tU-r  Taj^uuK  iiit-Iit 
viir>rri‘il’oii.  nln-r  mir  M-lii-im  «-s  tltH-h  rir1ili;r  *ti  M-iii,-  nilf  fnlfifinlrs  liin/.uwcisi'i). 

I'lis  nllt'ii  priiu'ittsiiiii  ist  tln<  Inlore?-^*  an  iliT  Tliitirit'.  nti  ili'r  wi-isriKtlinl'tlifliPii 
Piirt‘liilriii);iiM<:  ilcr  Vi>iu':iiit;i‘,  mil  /n  t-rl'alin'ii ;  uiiriiiii  >iiiil  ilic  l)in;'i‘  mi.'  iiiu-li<li'n' 
wir  IiiiIh-ii  ;  wif  Mini  tlip  Diinrt*?  In  tier  .Viiivoiiiliiii^  iliT  Tlifnrip  st  lifiiifii 

ail'll  iiiir  iiU'r  ilip  Vfjit*  zii  tfilfii,  iu  t-iiit-ii  IiiiiiIm irlM-linl'tlirlirii  iiinl  in  oiiipn  iiiohr 
niililiirisclii'ii  Wit;.  iIit  Mrli  \vfitj;flifutl  mil  tliii  liili‘ri->M-ii  tics  Kiilliiini's,  drr  Kviilnrntinii 
mill  iilihlirlifr  Zai-iki-  ilti-kl. 

Auf  iltT  IniiilwirtM-linlilii-lifii  Spilt-  li.Tiiilt-)t  f>  ^irli  nm  tlio  .\n>iiliiiii(r  piiipr  Zii;;kraft 
ilmvli  fiiuTi  iiii  •  ;illj;fiiipiiipti  n-hiiiv  It-it-litm  Traklnr  mil'  .Siln-it-irtTiite  ihUt  mif 
l''nlir/.fii);i'.  llii'rlwi  muss  .-t-lir  mil'  tlt-n  IttMlt-ii  llfirk-it'lit  f;fiiiiiiiiiu'ii  wrrtlfii.  iliiinil.  it 
riir  ilit'  liiinlwirl'i-liarilitlip  Xiil/.ilii>;  iiit-lil  Rf>ili.sili!rt  tviril.  An!'  ili*r  iiiililiirisflicn  liinl 
iiiiliisl  lii’llpii  Scilp  limiilfll  !•>  sifli  rIkt  in  pr-li-r  l.iiiic  iiin  die  fiRcnp  Kurt  lieu  ppitii}; 
ilor  Fiilir/i'ii);i'  iiiiil  ilrr  vtni  ilnii-n  ri-I ntp-iu-ii  Iji'-lni,  upnij;i‘r  i;iii  riiirn  Zur  iiii>;pl\iiiiRlrr 
Kulir/fiiRC. 

lliiT  imiss  mil'  ilfii  I’lnli-ii  iiiir  snut-il  ltiii-ksii-|ii  Rciiiiiiiimn  ui-rdpii,  wir  t's 
('lull  imrlirnlirciidi*  Kidir/ciip*  Vfrl:iii;jpn.  In  der  l)iskii«.siiiii  isi  dip  Kitiu’P  iimdi  ik'iii 
\Virkiiii:;>i;nid  liir  dcu  KiiM  iiiirKt'wtiri'fa  wurdrii,  d.nvs  kt-iiit*  ZiiRknil’l  niisp'iilil  u'ird. 
Diosp  Kniyo  ist  iiiidil  weiter  iM-lmaidt-ll  u't>rdfii,  sic  i>l  iiIkt  liir  die  niililiirisclie 
Sciiic  wii'litij;. 

Maiirln'  lIcnii'rkiiiiRcii  dciilt-ii  tir.rmil'  liin,  dass  in  Kiiiksiclit  inif  ilii’  s<‘lir  linler- 
.si'liicdlii'lu'ii  (Icu'ii'lito  drr  iiiiIi|jiriM-licii  iiiid  Imidnirl'-i'Iiiilllii’liPii  k'lilir/.rnp-  I'iir  dll' 
I'liUTMicliiiiii;  tier  Hiiden' viT-i'liicdt'iic  Kinriclitimp'ii  lici  irli'ii'licr  Mctlmdc  vpruriidcl 
uerdcii  iiiiis.sf'ii.  Icli  niiifliio  t;liiiilH-ii.  tl;iss  wir  nllcii  .Xnlii's  IiiiIk'ii,  RciiiciiiM'liiil’Ilii'li 
miscro  .'Vii.sIrcniriiiiRi'ii  liir  ciiii*  Vcrlnvsi'niii.c  ibr  Tlii'crio  zii  vcrstiirkin,  wcim  wir 
nmli  ill  ikr  Anuciidiiin;  jc  iiinli  Ziil'cljrmi"  vt.-M-liiislci.c  Wci,’c  p'licii  niiisscii. 

Icli  dnrt'  mil  di(*scii  Ilcmcrliiiip-ti  die  Vnniiiltn^s'-ii/.iiiii;  si'lilicsMMi  iind  dcii 
ViM'IrnRPMdpii  mid  den  l)i'kiis>ii>nsrcdiirrn  liir  ilirc  iiilrn-'Miiili'ii  .Vnsliihniiijjcn  uiid 
fiir  ilirp  (cihvcisp  crl'n-nliilic  Kiir/c  dniikcn. 


SIMILITUDINE 

FRA  V'EICOLI  IN  GRANDEZZA  NATURALE 
ED  IN  SCALA  RIDOTTA 

SDHLARITY  BETWEEN  FULL  SIZE 
AND  SMALL  SCALE  VEHICLES 


Pioblemes  de  similitude: 
declaration  d’ouverture 

Problemi  di  similitudiiic:  discorso  d*apertura 

.1.  TkI  Kl.l.K*) 

yf  liiisii  iir  If  III  t h  iiititt  (ifitfiiti,  Mfff^'fiirs^ 

Kn  la  mii-iun'c  ji  la  Simililuilc,  ji-  Ileus  h.iit  tl'iihunl  a  sigimliT 

«lin‘  mil  Jiresoiiie  ii  et'Ho  talilc  revet  line  <loi|li|e  sigiiiru  atiiiii : 

1)  Je  repre'eiilo  iei  lo  Seeieliiire  (;<'iieiiil  ile  I’Aliiaiiei*  Atlanti(|iir, 

eliiirgi'  lies  AlTaire'>  Seiinl i(i(|iies.  Or  la  llivis'ani  ilis  AHaires  Silent )ru|iies  de  rAlliniiiO 
Allailtli|lU',  i|lli  f'l  deeiigee  des  |•lVl>eell|)illilllls  iiiilitalres  iiiiiiieiliiiles,  s'liileress.e  o.ssrii- 
•  ieliemelit  ii  la  i{eeherelie  Seieiil  iliiiue  riniiiiiiiieiiliile  et  a  la  ('i>i>]>ei  at  inn  lliteriialininile 
linns  CO  ilmaniiio. 

Aiiisi,  la  |iartlei|>atiiiii  ile  eelte  Division  Seienlilii|ue  ii  vos  trnviin\  >iiar(|nr  toiil 
I’inli'ret  <(Ue  1(011'  iitlaelioiis  it  leiir  valeiir,  en  lani  i|ne  lleelierilie  SiU'iitili(|iio  I'aile 
/'ll  ism|H'riiliiin. 

■J)  l{el•i|lrlS|uenlelll.  riiivilalinn  <|ne  voiis  noils  ave/,  i'aile  il‘a|i|»iiiier  notre  eoiitri- 
liiilion  a  voire  (■oiil'eieiiee  deinoiitre  aiissi  loiil  liiileiet  (|iie  voiis  porle/.  a  raelivile 
Seil'llt irK|lie  lie  rAlliailee  Ailnn1ii|iie,  el  an  iioiii  ile  la  Division  Seieiilirn)iie  ile  eelle 
Alliatiee,  je  von<  en  reiiicreie. 

Alioriliiiit  niiiinleiiaiil  ie  siijel  iloiil  inni'  nlloiis  disinter,  je  etois  mile  iriiltircr 
Voire  all"iilioii  siir  I'innioilanee  des  eludes  i|iii  \  oiil  ele  l■oll'nl•lees. 

Ia's  eludes  de  siinilil nde,  i|ni  eondniseiit  a  ixih’i iimnler  siir  ties  laodelrs  rv'dnils. 
|ieriiietleiit  de  I'aire  des  I'eoinnnies  Ires  sensililes  siir  les  I’niis  d'cssni,  inais  nnssi  ile 
gagiier  liemieoini  de  leni|is;  el  e'est  ee  dernier  I'aeli  iii  i|iii  me  imiail  le  pins  iinportnilt. 

Kli  preiiant  loniniis'iune  des  eommnnieiilioiis  de.jii  I'ailes  iei-ini'ine,  j'ai  ele  Ires 
iiiiliri-ssioiine  par  In  variele  iiilinie  iles  sols  stir  lesijiiels  dniveiil  >e  depliieer  des  w'liieiilcs 
appiojiries,  ct  siilisrspiemiiienl  par  le  noinlne  des  soliiliiins  les  plus  diveisi's  ipii  out 
ele  iinagiiiees  jioiir  resmnlre  res  inolileines  ninlliples. 

Due  imiiginalion  lerlile  ivinmie  erllr  dn  <.'l•lal^•  I'.oiniiiii lini  a  lai;^eineiit  poiirvu 
ees  teeliiiiipies  ile  la  liioliilile  d’line  craiide  riilii-S'C  de  sohilioiis  tlieoriipii's.  ct  do 
realisalions  eoiierelrs. 

Miiis  M.  D'oiuinivt iiii  lui-iiieine  lions  diiail  ipi'aii  slade  de  I'invenl ion,  it  C't  sonvcnl 
dillieile  dc  I'niri'  nii  elioiN  eiilre  des  solnlioiis  diveisi's,  qu/  ne  peiiveiit  elre  cssnvees 
lollies,  lie  serait-ee,  par  i'\eiiipli'.  poiir  la  seiil  raisoii  qu'iin  lie  peiil  |ins  iittendre  la 
plilii'  favoiidile  pour  olileiiir  ^■\al■lelnl•lll  le  Ivpe  de  leiiain  pi'  ll.  I.es  iiiellnidi's  de  la 
siinilil il'lo  out  ele  line  solulion  rii'Kanle  a  ees  genres  de  piolilehn  . 

Iteiiinninons  loiilerois  ipie,  dims  le  doniiiine  des  leri.iins,  la  lln'orie  de  la  similililde 
ost  siiigiilicreineiil  pills  dillieile  qil'eii  Aermlyiiaiiiiipir,  on  elle  s'est  innnliec  si  leiuiide: 
il  no  s'agil  |>as  seiilenient  de  I'aile  des  eoiiljiaiiiisons  eiilre  des  eiiseinlde.s  roinple.M’s 


)  I’resideiit  ile  la  Si'ssioii. 


till  li's  liiinrilciirs,  li>s  Mirl'iui's  rt  Ics  vnliiitifs  «c  viiririil  pns  tlnn-i  la  inr-nip  proportion, 
niiiis  tiu  piir  .'iin  rtiit  li-  nii’ii:i  p:ir  nippini  iiiupifl  mi  -s«»  tli'plnfp  no  jK-iit  pins 
iissiiiiilo  a  iin  llnitlo  liiiiiiii;:oiio. 

Aiiisi,  Ic  ^>1  lu-iil  oiro  riiii>i«UVi'  liiiiliil  (mais  rnroiiioiit)  i-niiiiiic  iiii  fluiilc  Iniiiio^nr. 
(imit'it  Kiiniiio  nil  solitlo  ilisi-mitiiiii.  iniilol  tniiiiiip  tin  turps  iiitonin'iliniro.  aver  ilaiw 
lulls  los  Oils  lies  otTots  ilf  fiirai  tiTo  i-apilliiin'  nil  iniitiifl  ilu  vi'hiriilo  nvii-  lo  sol. 

H  vft  sans  tliro  iph*.  |»>nr  ainilyssT  l«tts  ts-s  pliwuiiiuiios,  ctmipiirtniit  «a  pmml 
luiiiiliro  <lo  iniriiinolros  vnrintil  ilmis  ilo  tri-s  Inrjri-s  liiniirs,  tlo  ni.mlio-iix  inli-iils  stmt 

lu'tsssairos,  ft  <|iio  ilaiis  ii‘  . . .  <<'iiniio  on  liiin  il’aiitros.  |Kitir  dofiiiir  Tapparcil 

ii|itiniiim  l■(lrn•s|l|llltlIllll  :i  nn  t  mm  iiiIiIo  iIo  tsiinliliims  ilnliiuVs.  la  Itoi  liiTi-lio  Oja'rntion- 
nollo  osl  ii|i|ioloi'  a  juiior  iiii  nMo  iinisiilonililo. 

I'mir  loiiiiiiii  r,  Jo  li  rai  nno  siiii|,l|.  ninanpio  irunlro  iiorMinncl  <n  rnpiKlnnt  <ine 
los  Irtiis  Aiitoiirs  tpii  vniil  pn'soiilor  <los  <-tiiiiiuiinh'aliiiiis  rout  tuns  njipol  mix  rolorrnros 
soioht  irnpu's  ;inlt*rit'iirfiiioin  olalilios  par  lo  l*r'*!o>si‘nr  Hokkor:  f  ost  nn  Iniiiinia^c 
iiii|ilitito  an  Maiiro,  tpii  a  s„iis  .l.iulo  apiinrto  lo  promior  niic  omitrilnitinn  ossontielle 
a  la  tlioiirio  tlo  la  l'ni>iii<itiiin. 
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A  similitude  study  of  the  drag  and  sinkage  of  wheels 
using  a  system  of  soil  values  related  to  locomotion  * ••) ) 

Studio  su  modelli  simili  della  resistenza  alFavanzare 
e  dell'affoiidamento  delle  ruote  usando  an  sistcma 
di  caratteristiche  del  terreno  relative  al  movimento 

IIknkv  If.  IIkks,  jr.  ••) 


ABSTRACT.  —  Analylirul  and  eiptrimentni  studies  of  wheel  performance  In  soils 
have  been  hampered  by  the  lack  of  a  lofitl  system  of  soil  values.  The  sinkage  parameters 
coTiftiliilc  one  proposed  system  of  suit  values  which  hare  been  used  with  some  success 
in  the  prediction  of  wheel  performance  by  analytical  means,  hut  there  is  generally  no 
way  to  distinguish  hettccen  those  discrepancies  that  are  chargeable  to  the  analysis  and 
those  that  may  be  due  to  a  possible  inadequacy  of  the  soil  value  system. 

In  the  work  presented  here,  a  successful  similitude  correlation  of  wheel  perfornumce 
in  .'and  was  obtained  using  the  sinkage  parameters.  This  confirms  their  validity  for  sand, 
and  defines  the  method  for  extending  the  correlations  to  cohesive  soils.  The  tests  were 
made  In  the  laboratory  under  simulated  field  conditions,  and  include  an  investigation 
of  wheel  sinkage  and  drag  as  related  to  wheel  shape,  diameter,  toad,  and  soil  depth. 


Introduction 

Tin iirrtiiJil  iiixl  »Niuiiuu"!it.i!  invcsl inns  t)f  tin-  dm;:  iuul  siiiUii^ji'  of 
wlifi-ls  in  soil  \voi\>  iniliiitrd  Jnii}'  iiu» I’nirly  r.\i>i  i  inu’nt:il  invosti^iiili'ins 
tnnisistotl  nl'  istilali'd  tfsts  vniuluvR <l  without  ih  Ii  ti  iht  to  (|niti>tit;!ti\ily  nu  nsimd 
•soil  projii  rtii's,  llu*  usults  ohtaiiiril  niv  i  t  iimi  l.Mvd  (o  oacli  otIuT, 
or  to  any  pailiinlar  system  of  soil-wheel  ineehanios. 

Theoretieal  iiivi-sti;:alion.s  have  l)een  iiainpere«l  rvindameiitiilly  l)y  the  laek 
of  n  ;;enerally  valid  .system  of  .soil  {)ar:imeters  and  praetieally  hy  the  eonii)lexity 
of  the  analytieal  melhoifs.  Thesi*  elfoii.s  lia'o  never! lu'h's.s  preidueed  noine 
woikiii):  foinnilas  for  the  jnulietiiui  of  wlus'l  peiforiiianve  that  me  fairly 
aeeiirate  over  limited  ranges  of  eoiiditions,  hut  jireeise*  j'lTilielitJiis  of  hi'oad 
aj-]ilieal)ility  lmv«’  yet  to  1k'  aehievetl. 

About  a  deeade  a^o,  Nuttail  -  eoiidueted  an  investigation  of  wheel  pei'for- 
inanee  hy  te.stiny  .seale  nioilels  in  the  lalM>ratory.  In  this  invi‘sti;'alioti,  two  of 

•)  Tlii>  |m|ipr  was  iiri;;iti!itK‘  ]'rei>:irv<l  I'nr  I.einl  I .(•i-niniU ion  !.alH)r«l<iry,  I’.  H.  Army, 
Or'IiiDDce  ’1‘ank  A»itt»iiHilive  Ctuniunii'l,  llcinut,  Alichi^un. 

••)  UiiiviTMly  uf  Alicliigr^ti  ln>lilute,  Ann  Ail’nr,  Miel%i)*an. 
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tile  sink, |>ni|M»sisl  I)y  Itci'iistoiii  ^  mli  fincil  in  torinH  of 

tlio  I’onNiinh  soil  i»ni|>»‘rtics.  Tlio  lliiril  |iiii'Min<‘tcr  \v:is  ivt;iiiic<l  jis  well  iis 
tlu‘  (■.s.s4-iili,-il  foi'in  of  Urnisti'iij's  prtslit-i ion  cfjnations.  (Inod  coi'n'liilinns  wi-re 
i>lit:iin<‘(l  ov<’r  ,t  liinilcil  rjni;ri‘  of  lest  coiiilitions,  Init  rvcn  so  thfir  ai'c  scvci'iil 
i>l)J<-<-tioiis  t(»  Im'  tnaili*  to  tlii.s  U'ork.  Knr  cxanijili',  no  riilioinil  ;ir(;iniuMit  is 
oiu’n  f«>r  (liM-.-inliii;:  port  of  lln-  sink.-ioo  |iai-:inicl<-i's.  l•'n^1lll■^lllo^l■  it  is  ncjiily 
«fi-l:tin  that  Iho  Coiilonili  pisuMTtics  aiv  inaii<‘i(ualc  to  ilrsnilic  llic  iincon- 
solidaftsl  s»iils  oil  wUicU  veliit-lfs  fivipa-nily  opi  ivito.  In  inhliftoM,  1)\'  rcilrfiniiijj; 
a  part  of  tin-  siiikaoo  paranioti'i's  in  tcrias  of  liasic  soil  pi-ojirrtics,  tlicre 
n'liiains  an  iiii-oinplrtt'  ai'i-oiinlin^'  for  tlii>  inlioiiiooiiii-it irs  tlio  soil  in.iy  li.ivr. 
Fiii.illy.  il  srali-  rfl'rcl  oxisis  }wl\V(s-ii  linsicl  and  jiiolijt \  jtc  that  was  not  colisi- 
dfivd.  hill  this  has  ajipan-ntly  not  Ihcii  •■oiisidfivd  liy  an.Miin-  rise  pitvionsly. 

With  thrsf  iilijfctions  in  mind,  hut  In  lii  vin*:  that  the  scalo  inodi'l-lalioratoi-y 
:i|>prua<‘li  hiis  ;;r<-:it  potriitial  a|>pli('ntion  and  valiir,  an  invi-sli^'.'ilion  has  1ii'i-n 
ciinditrlrd  ;it  tile  ( ‘iiivor.sity  of  .Mirliioan  to  doloriniiu-  if  si-.ah'  inodi-l  nliri'l 
tists  ran  In-  corn-Iati'd  on  a  siinilittidr  basis  nsili;;  the  sink.ior  paiaiiu’ti'r 
system  of  soil  values.  This  investigation  is  eoiitiniiino,  and  the  results  to  date 
are  most  eiieoiirajiinj'. 

Theory 

|{ational  analysi-s  ’  indicate  there  is  an  intiin.iti’  connection  bcluci'n  wlieel 
sinkaite  and  dratt.  Tims,  it  is  reasoiialile  to  assnine  ili.at  they  arc  Itolh  fnnctioiis 
of  the  s;iine  indepi'inlcnt  variiilihs.  .Ainoii}:  tliesi'  variabh's  .are  those  tcrined 
till-  sinkaoe  paraineters.  The  sink.a^je  p.irainelers  eotisidercd  lure  ate  tliosc 
jidvocatial  liy  Hchker  ‘  and  are  olilained  from  the  .sli’ess-sirain  rdutionsliip 
olitiiiiicd  Iiy  I'oreiiio  a  rectaiioiil.nr  flat  pbite  into  tlic  soil  with  an  instiannent 
ealled  <1  lievanii  ter.  The  parameters  obtained  Jire  .as  loliow.s ; 

kf  --  Siiikn;ii‘  iiioiliilii,'  t  frictional)  Ih/iii"  *  *; 

k,.  -  .'“iiikic.ri'  oiotl'i!ii>  (mlic.^iM'i  lli/in''’ * 

a  ■=:  Siiiknuc  iii.'es  (Niai.  niiii,). 

For  low-spccd  tests  on  solid.  reetan;,'nlar  cross-sect i.nial,  wliccls  the  reniainino 
independent  variahles  are  taken  to  Im*, 

d  "  Wheel  iliaaicicr  (ni.);  Wheel  .asiiccl  ratio  (N’mi.  Piiii.); 

I)  =  Soil  ilejtlh  (ill.);  CoelT  of  rriilimi  (.'oil-whis'l); 

W  ^  Wli.el  loa.l  (111). 

l>c))eiideiit  variahles  are. 

It  —  Wiiis'l  rolling  rcM^tainv  (Hi); 

/.  —  WIns-l  viiik.ajtc  (i.".). 
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111  lilt'  si»k.Tj:c  [inniiiictyrs  if  is  iissiiiii<'<}  that  fho  slross-sli-aiii 

n-lat ioMsIiip  is  rxpii-ssililf  liy  an  tsinalinn  of  tlw  form 

|t  -  (k(,  i-  k./l.)  r“  fJ) 

aiiil  tiu'  sinkaiio  pai'aini'trrs  tlii‘  ('inistaiits  of  this  cfinatioii. 

A  (liiiii-nsional  analysis  of  iIk-  alwivv  lislisl  vaiialilcs  yidils  llic  rollowiiit' 
<s|initiuiis: 

Uyw  t.l/Itf  *  *ke)"=  (k,/'lk,)-  (n)^  («)-“  (2) 

r./il  (\V/'1“  *  -  ket'--  (ii)''  («)'•'  (/<)'■*  (.<) 

SiiKT  it  was  (hs-itl4-<|  to  stnil>  tin-  clVis-t  of  tin*  indi-iii  ndi'nt  \  iii-iahli’s  W, 
I).  <1,  ainl  41  on  thi'  4l4'|>fn<l4'nt  lai'tahh's  /  ainl  li,  tin-  nuxh'l  nih's  r4'i|iiiri.‘ 
tli4-  I'oll'jwin;;  <-4>n4lili4ins  t4i  Ik.'  nii-t  : 

k..  =  4-,  4I  k^  ■  (4) 

\V  -  4-.,  k,  .l“‘-  t'*) 

1>  4',4l  (li) 

TIi4‘S4'  isiualknis  r4''|nir4'  ihal.  t4i  4)h.ain  4'oniiil4t«'  siniilitiiii4'  ulili  }{4'4im4'- 
tiM-ally  xfMh'il  iihmIi'Is,  tIu'  l4sts  ninst  la-  cotaliU'ltMl  in  soils  \vli4is4'  4|iialiti4'S 
4-lian''4'  as  tin'  mmIc  44f  thf  iii  4  44  |4-|  (•lian}:4's.  .M4ni'  spi'oifii'aili’.  laborat4>i'y  test  soils 
tinisf  1)0  availahit'  in  ivhii'li  k,.  may  1(4'  vafi4'(l  in4l4'pi'n4l4'nlly  of  Ke,  n.  and  ft. 

W»'  4I0  114)1  y4'l  haw  tin'  ability  to  r4iniponn4l  lalHiiat4)ry  t4'st  soils  that 

Mill  satisfy  tlus4*  pai'ti4'nlat'  r)')piir4'ni4'nts,  hut  projiiS'ss  is  bi'ini:  mail)*  4»n  tlm 
probb'in  ainl  for  tin-  iiis'si'iit  valnabh'  wairk  may  lu'  4l)in<'  in  sand  for  \vlii)'li  k,. 
is  4-ssi'iilially  F))r  this  s4iil  th(  m4)4hl  l•ld4■s  r4')piir)'  4inly  that 

\V  r.  4',.  I;*"*-  t  ''») 

1)  ^  4',.4l  tii) 

Tlii'M'  oiinliihiiis  4-aii  Ik-  met  in  a  sinoK-  soil. 

Tlio  partii-nlar  f4)iiris  4)f  4(piatii)ns  cJj  and  (d)  p4'i'n,il  a  4'4)nsid4'iahl(' 

sitiiplili('ati4in  in  test  in'.',  tor  by  lakin;^  tIu'  soil  paraim-ti-r.s  only  in  .s)'ini-iMfinit(’ 
hiiiii))':4'iU'ons  ln'ils  wi  h  a  sinoli'  b4'\ ani4'l4'r  plat)-,  tin*  S4)il  iiarainctcrs  aro 
(iiDstaiit  for  all  ('4in4liti4ins  4pf  trst.  <'hano4's  in  tin'  bpoimlari'  I'omlit ions  dno 
to  linito  ti'st  lh'41  )l4'pth  aiv  ;i4'4')nini)'4l  f4>r  by  tin'  ihplh  r4)i'flii'i)'nt  (4I/I)}.  Thosp* 
itV4'4-ts  )lti4'  t4»  wh4'4'l  shaji4'  a  I')'  a4')-4innl4')l  f4)r  b.\  tin*  ii.sppi-t  ratio  ti.  Tin's).'  arc 

th4'  I'oinlitioiis  thiit  Inna-  b)  t'n  appli4  d  in  4inr  lalMnatoi  \  t)'sls  which  arc 

ls-|i4'V)'4l  to  Ih'  of  flu-  iiliii4ist  \aln4'  in  D'laiiii!;  these  l)'sts  t))  practical  fichl 

4S)ti>1it  ions. 

Tin'  il/l>  |■ati4)  D'pn'Nciits  ;r  Iyp4'  4ir  inl'onnifxp'ln'ily  which  is  )'asily  jii'odnc)  ).’ 
in  th*'  laboratory  0114!  siiiMiiat4's  what  is  |)i')>bably  tin'  nmsi  fr4')incnlly  o)'cnn  ino 
iii!ionn)>:ciicit N'  4)f  natinal  spifis;  mnni'ly  that  4>f  a  nmic  or  hss  lippiinpi^cncous 

,s4)il  iH'd  «)V('rlyin)i  a  hai'pl  J>an  at  spoiu-  4l4'pth. 


LOA'j  COtTFiCltHT  (  )  ■  10* 
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•**  —  Phn  «•!  iMn’llii'ii’iil  (//’I)  v-^.  ii«)n-<)in)on<i>inal 

liiml  vMictliv'it'fii  ( 'V /  nt  vnf’ioii.^  ruiM*s  iHr  rci  tjinj^ular  rrn>'‘*>c>*- 

li'Miiil  wheel’*. 


Experiiueulal  vrork 

Jn  :u‘conl;iiK-('  wilh  the  i)i'i've<HJi”  tlieorv,  iuiv.sprfil  ilrii^r  iiml  siiikii^e  tests 
were  eoiulneted  tin  twir  •'iMniu  li  kmIIv  siiniliir,  sn'iitl,  nhiminmn  wln  els  of 
reeliiiijinliir  eross  seetion.  tile  tlijiinelei's  of  tlie  wheels  heiii^  (i.ti'i’)  in.  and 
12. aO  in.  T  lie  as|ieet  ratios  ot  the  wheels  testeil  were  0.'27;  0..V2  ainl  0.S4. 
The  soil  nsetl  was  a  s.iittl  fur  wliieli  k*  ■:  :?d()  ami  n  —  l.0-’»  are  most 

Jn'oliahle  values.  The  tests  with  variable  asiHs-t  ratio  were  eiuuhieteil  in  deep 
beds  of  soil  eiirres|H)ndiiij;  to  |iraetieallv  seiai-inlinite  eonilitiitns,  while  the 
ti'sis  eoiului'leil  in  various  dejiths  •>!  .soil  Wen*  made  at  the  sinole  asjiert  ratio 
«  —  0.27.  All  tests  were  eondueteil  at  the  relatively  low  speisl  of  0.2.^)  ft/see. 
J  his  was  dime  heean.st?  experiinental  tliflieulties  are  ininimiseil  at  low  speed, 
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Imul  c*'H*llii*it'iit  nl  vnriinis  n'|<rr|  fHlio*.  i'or  ri'rlnn;;nlnr 

t  Muinl  w  horls. 


Jltlil  is  jllstilii-d  l»y  till-  rt-sulls  .>f  utlirl-  Irsis''  wliii-ll  sliuwi-il  ll'.r  rtVicI  of 
s]h’«h1  to  1)0  i)i'”li"iM<-  ln'lt'W  ;i  spco*!  of  o.U  ft/soo.  willi  n  12.)  iiioh 
(Ii:iiiii'lor  wlici'l. 

It  slioiilil  Im-  notod  tlwt  niioNpfclod  ••xpcrimoiit;il  iliflioiilt ios  ;ii’o  oncDiiiitt'icd 
in  a  work  nf  tlii.s  ly]^ .  TIio  pi  inoip;d  ilillii  iilly  is  i!io  jn  i  i);ir;il  ion  of  llio  soil 
to  it  iinilDi'iii  ,111)1  r.-p'-iM.dil)-  )-)>ii.sisti-iiry.  Tliis  prol'lom  \\;is  lu  vor  ooinploti-ly 
st)Iv)'d  mill  ixiM.soipioJilly  llio  iliila  pri  si  >ili-d  Info  ri  ini  si  iit  tlio  Iiumii  of  liiiiii)' 
tost  riiMs.  ill  soiiio  f.i-.,  >  luiiiiln  riii;;  twi  lvo.  Aimtluf  j)ri>l)!i  iii  is  ;issuoi:itoi1 
with  till’  lar;>i*  span  nf  t'lii’is-.s  t)»  !»•  iiioasiiri)!.  )n\ fiiiij^  a  raiivn'  of  appro- 
xiiiiati'ly  a  liuinlri'il  to  ninv  This  tK-iiiauils  nnisiilorahli'  prooisioii  ami  rn;j”i'(liirss 
in  tlio  tost  ajiparatiis,  ipi.ilitiis  ili.it  aro  sjinn-wliivt  niuluali^'  •■xolusivi-. 

I’ll)-  lo.st  rosnlts  ..IT  ^ill'll  ii;  tij:iii-o.s  1-4.  In  ti;;uirs  1  and  2.  tin-  sinkau’o 
and  lira!'  oinflirii'iits  r.r^•  fzivrii  vs  llio  In.id  oiiofiioii'iil  with  llii-  di‘|itli  ra'.io 
a.s  a  paraiiioti-r.  In  li-.’in  rs  '■'>  and  4.  lhi‘  .sinkairo  .iinl  lira"  rm  liii  ioiits  arr  "Im  ii 
vs  till-  loail  oiK'liii'ii’ni  niili  tin-  a.- pi-i-t  ratio  as  a  i>aranii'li'r. 


—  fi'.l 


V>i;.  .■>.  •  (ios'cral  viin\  of  fiu'ilcty. 


A  yioni'iiil  vij’W  of  the  ti‘>t  iijutiii iiHi-;  is  sluiwn  in  (i”iii'i'  .'i,  ninl  ;t  itit;iiln«l 
vii-w  uT  llw  wln-i'l  is  .-.Imwii  in  llviiirc  (i. 

D».>cussion 

Tlif  <Inla  nniki'  it  njijnirtiit  Unit  n  liiiilt  nl'  .siiiiilitnilr  luis 

iHi-n  nttiiiiit'd  in  liio  ti'sts.  ninl  llmt  tlu'  iinli'iii'inli'iit  \  jirnilili's  srl's-li'd  ;ivo 
jil>pii>ltri:iti'  1(»  Uu'  systi'iii.  Armniinyly.  ilu'  nsiills  slunilil  In'  ii|'.i-!ii';ih!c  to 
wlu’i'l.s  «t'  ;iiiy  si-iilc  ns  ioli'^  ;is  tin'  nssunu'd  iini'niiH'U'rs  lUf  inninliiiiu'd,  It  is 
fotisisun'iitly  inijnirtniit  to  I'unsiilrr  i-nrol'iilly  \\h;it  tliis  I'niiUitinii  Vi'(|nin's. 

Tito  siiikajio  imrniin'tfrs  its-sl  iirr  tliosc  olitniinil  with  n  siiii^li'  ft  tiy  :>  in.) 
lirvamrti'f  pliiti’,  pi'in-tfatitiy:  :<  .Mnni-inliniti'  lusi  of  lninio^;i‘in'mi.s  soil.  'I'liis 
nnsiiis  that  tlio  jiaraiin'tirs  ohtaiini)  <li  |n'!nl  only  on  tlio  iiilnoiiit  nii'i-lnmical 
jnn>lH-fti«'s  of  llto  .stiil,  amt  on  tin'  slniin'  ami  .si/.c  of  tin  ln\ aiiu'lnf  plain. 
If  a  difToiniit  Soil  is  plat-i'd  inntcr  tin-  luw annlri-  plain.  nhaii):ns  in  llii'  siiikatjn 
paraiiit'ti'i's  wilt  ii'sttlt  wliinli  ran  In-  Unn  only  to  nlianfins  i'l  tlin  ninnlianinal 
piMjH-rtios  of  tlu'  .•mil. 


Cidisistoiit  with  this  ri-;iim-\\oi-k  of  iiic.-is,  tlicri'  {■xists  ji  iiiirtiviiha'  wlitrl 
hiiviiijr  Romo  ilinmotor  luul  iispoct  nitio.  whoso  sinhiifio  chinfictoiistics  are 
siiniliii’  lo  ihoso  of  llio  lifvjiinctor  pljito  iisotl.  In  otlior  wnr<1s  iiii  aiiiilojiv 
oxists,  iiiul  hociniso  of  tliis  any  Viirinttons  in  tlio  hasio  inoolnini<-iiI  proporlu's 
of  tho  soil  will  not  only  prixhioo  <-han};os  in  llie  sink:ij:o  paiann-toi's  as  nioasuml 
liy  tlio  iH'vainotor.  hut  will  also  oauso  a  «lian{io  in  tho  sinkaKo  of  tho  wlns-l. 


Ki;:.  •».  —  view  of  wlu'ol  c«rin;;e. 


Conso(|ni'ntl\'  the  sinkano  of  tho  analo>:ous  v.lnol  is  uniipuly  n-latoil  to  tho 
nioasai'od  sinka^io  paraniotors. 

If  a  Hxod  (pialily  soil  and  variahlo  yooniotry  whool  aro  considorod  instoad 
of  llio  oonvoi-so  alwvo,  thon  \arialions  in  llio  si/i'  and  shapo  of  tho  whirl 
pi'oduco  sinkatios  that  aro  lolalod  to  tho  .^inka;;o  of  tho  an.ilo;:ons  whool  and 
honor  to  tho  sinka^o  |iaraniotors  tliroii^h  thoso  fn-oiiiot rioal  'larialions  alono. 
Tho  iirooodiiif'  roasonin^  is  now  lopoatod,  Imt  tho  soil  is  oonsidorisl  to  ho  of 
fniito  dopth  and  tlio  first  otfoot  to  ho  ohsorvod  is  that  a  now  sot  of  sinkajio 
jiaraniotors  is  ohtainod  lliat  is  rolafod  to  tlio  original  sot  hy  somo  faotor  that 
ilosoribos  tho  i'olati\e  «  inlinitoiioss »  of  tlio  honndai  ios.  Tho  ratio  of  tho 
oharaotoristio  diinonsion  «h*  of  tho  lunaimtor  jilano  to  iho  soil  dopth  <!)» 
or  sjiooifioally  tho  h/D  ratio  is  a  factor  that  satislios  til's  roiiuironiont.  It  is 
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fiirllicr  t'viiloiit  lliut  tlu*  wlitvl  will  dfst-rilic  a  !icvr  siiika»re  that 

is  iini(|iu-ly  -.-I'hili'il  to  the  iifvv  sinkaKO  |»aranu'ti'n*,  hut  also  to  tin-  original 
siiikagi*  puraiiu'tfrs  tliroiigli  tin*  h/1)  ratio.  Similarly,  new  ivlalioiis  drsrrihing 

ihr  cfl'i'cls  on  siiikag**  of  rliangi's  in  wheel  gooinelry  aiul  soil  (|iialily  will  l)e 

ohtaiiu'd  lliat  are  lelalcil  to  the  original  relations  thnjugh  fho  h/ll  ratio, 
l-'inally  siiici'  there  esists  an  analogous  wlirrl  of  eliuvaeteristic  dintension  <d», 
Jill  effi'ets  Ilf  (•lijiiiges  in  soil  dejitli  luii.v  1k'  related  to  tlie  rjitio  il/l>  instead 
of  the  I'ii  ,1  li,  |).  It  is  thus  juissilile  to  «-oiislini-t  a  si-if-ennsisleiit  system  haseil 
on  aimlogy.  whieli  preserves  the  idea  of  siiikjige  |>aranieters  tluil  are  deter¬ 
mined  ii.v  soil  properties  only  ami  whieli  aeeouiits  for  \;’ri:ilioM.s  in  wheel 

geoiuetiy  iind  soil  dejith.  In  this  system,  it  is  ohvioiisly  tieei-ssjiry  to  take 
jieeoiint  of  the  d  0  ratio  in  llu-  eoi  relaliai  of  test  ivsnlts,  as  tliis  is  the  .source 
of  the  .scale  effeet  iiieiil  ioiied  earlier.  I■':l:lllre  to  do  this  ean  load  to  tlifneullies 
in  obtaining  eoirelalioiis.  This  Uiis  «ihsii-veil  hy  I'zjiko  and  I5i-kkvr‘  in  an 

ntteinpt  to  obtain  siiikage  parjiioeiei-s  from  the  anal.vsis  of  fj-sts  on  wlitvls. 
Wl'ools  of  a  I'jihge  of  diameters  were  tesleil  in  a  lied  of  soil  of  tiMsl  ihjith, 
iind  oiil.v  one  of  these  wheids  haiiiig  ;i  partieidar  diameter  pave  •aiikiige 
|iar:inielei s  euiiii>aiahle  to  those  ohlaiiied  with  the  la'vameli  e.  Appantilly  the 
analogy  of  wheel,  soil,  jiml  bed  deptli  to  beviinie*  •r,  soil,  and  Is'd  depth  was 
Jin  optiimuii  for  this  partii-iihir  wlieid.  'i'liis  ohseix mlion  is  a  nmnifi-stri.ion  of 
ihr  simle  effect  and  this  diftieiilly  h.as  been  enliiadv  oveieume  in  the  prc-stnit 
tests  liy  ol’si-rviiig  tlie  de|itli  ratio  td.  l)). 

An  infinite  variety  of  eoiiditioiis  exist  wiilt  natural  so'Is  in  lli»‘  fvdd,  hut 
it  is  believcil  ‘.liat  the  nu/sl  frei|Uently  iM-eiiiiiiio  coiidilioM  is  that  of  an 
iippt'i)xiinaiel,v  li(iiiiogfHeoii.s  soil  overi.ving  a  hard  pan  at  some  liepllt.  To  tlic 
degrre  tliiit  this  is  li  ne,  the  results  given  lieie  siiouhl  la-  iitijiliiable  to  natiU'id 
soils  in  the  lield. 

It  Was  Holed  earlier  ihiit  prior  tlroiy  ;md  experiment  Inal  prmilleei’ 
working  fmim.las  for  w  heel  drjig  that  were  fairly  a  iJiir  over  limitnl  ranges 
of  eiiliditiolls.  line  of  these  eipialiiills  due  to  He.  .lein  ^  <-,ui  Ih’  exjirensed 
in  I  lie  foi'ie.  ; 

It/W  -  O.Sti  tA\7«kii’)"  > 

iind  inmllier  due  to  Niillal  '  and  a|iplieal-Ie  to  sand  ejin  be  eXjirossed  as: 

;'/\V  --  0..V)  t\\7u"n'gp,)')‘>« 

Ihilb  of  these  eipmtioiis,  espee’iilly  Ntil’an's,  orediet  aig  l••»•f!^eien•s  that 
iire  in  leasoiiable  agreement  with  seleeled  areas  c  'he  data  pivsenjisl  here, 
hut  .ir’llier  (if  iliein  follows  the  Ireml  of  aspect  iiitie  very  well  A  iH'tler 
itiidersl.i.iililig  of  the  •miree  of  lliis  div elgeiiee  ean  1h'  idiiained  b.v  writing 
ihi.se  .ipiatiiins  for  a  wheel  of  varialile  vvtd'h  whieli  ea''ri"s  ;i  eoiislaiit  loud 
«e*  per  unit  of  vvidlli,  h’or  lluse  eolidilions  tlie  foriiinlas  nslure  to: 

K/\V  -  a.sii  (e/k  d  )•' ’’ 

H/W  ^  0..')0  (./gp,|-)'''n»5 


and  : 


Ill  till'  fii-st  Ills**  it  U  si***ii  tiuit  th<‘  as|>«*<-t  mti«»  drops  out  I'litircly,  iiii])lvin({ 
l!i:it  simp**  Ii.'i.s  no  *-n'**<*t  on  tin*  *lr.i"  cocfKrii'iil  iiiul  that  cud  cfTocts  aic 
iic;;li(!ilili-.  In  tin*  Mi-ond  cas**  it  Is  upparviit  that 


K/W  =  ic 

«  -  3C 

and  ; 

u/w  --  o 

n  -■  0 

Tlii-r*'  is  no  plo'sical  Imsis  for  tlii*s<*  tstiirliisions  nor  do  the  data  sui>])ort  tlioin. 
It  is  a|)pari'iit.  niiinovrr.  that  ailditional  aiialyliral  work  is  iicisli'd  in  this  area. 

One  of  the  iiior**  ilit**restiii}i  r**atnri-s  of  the  dra^  data  is  the  way  tin* 
draj;  rocflieieiit  decreases  witli  lar"**  loads  in  shallow  soils.  'I’his  imssihly  may 
havo  practical  application,  hut  in  any  *-venf  tlii.s  result  tieiiioiistratcs  the 
value  of  eoiidiielin^  e.\i>eriineiits  that  siiniilati'  natural  soil  conditions. 

The  elVect  dm-  to  variation  of  asp*s*|  ratio  also  has  sonic  interest iiij? 
f  atiircs.  The  iiu-reas**  of  the  dia-;  ainl  .siiikao**  eoef|ii‘i>  iits  of  tlie  low-aspert- 
liilio  wheels  is  apjiareiit.  Some  eoiisideratioiis  in  Io<:ie  iiidieati*  that  the  di'a}>; 
eoeflieieiit  may  heeoine  intiiiile  for  zero  :is|«fl  ratio  wlirris.  lint  ajipi-'.iaidies  a 
limit iii“  iinile  valiir  for  intiiiile-aspi'et -ratio  wlnvls. 


Coiichisioas 

It  is  coiirliided  from  the  work  preseiiltsl  heis*  tiiat  tlie  sinkaoe  parann'tcfs 
are  appropriate  variahlesi  fur  predict inu  the  lira"  and  sinkap*  of  wheels  in 
hi‘ds  of  liomo"eiieons  sand  of  viiryiii"  deptli.  The  appriealion  to  cohesive  soils 
of  the  approach  made  here  depends  on  ihi  develoioiieiit  of  suitilhle  lidiofalory 
lest  v)ils.  and  it  now  ap|>ears  that  this  prohhiii  can  he  inaetieally  solved. 
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Scale  models  of  vehicles  in  soils  and  snows 


Studio  su  modelli  in  scala 
del  movimenfo  di  veicoli  su  terreno  e  su  neve 

.1.  Ni  TTAi.i,  .)«.•)  -  ){.  i*.  .Mc(  Iowan  ••) 


ABSTilACT.  —  The  hislorj/  o/  research  into  the  use  o/  sc  ale  models  to  studj/  vehicle 
performance  in  soils  is  retietced.  The  current  research  program  in  this  field  of  the 
U.  S.  Army  Transportation  Research  Command  is  outlined,  and  a  method  for  charac¬ 
terizing  soils  and  snows  lor  scale-model  lest  purposes,  growing  out  of  this  work  is 
presented,  .‘{oine  correlations  between  scale-model  and  full-size  performance  in  natural 
snow  and  sand  terrains  are  given.  Finally,  dc’.sipn  data  on  the  performance  o/  4  X  ^ 
pncumclic-lired  vehicles  in  sand  and  snow  are  otfered  together  with  appropriate  inlor- 
viation  on  probable  minimum  material  strengths  to  he  anticipated.  The  current  dimen¬ 
sional  analysts  upon  which  the  research  is  ha.’ed  is  presented  in  detail  in  cn  appendix. 


The  place  of  scale-models  and  dimensional  reasoning'  in  vehicle-soil 
research.  —  It  iminutaKt,  in  In  ginninii  Jiny  ilisciis.-iioii  of  vchitlc-soil  scalo- 
modols,  to  omplmsi/'v  tli.it  tlio  iiinh  rstiiiniing  of  fmnliiiiiontnl  vi'liifk'-soil  rela- 
lioiisliipH  inn'i'ssii I'V  to  i)i'0|i;ii'i'  ii  valid,  nscl'nl  diini'iisioual  analysis  —  a 
(iriTtninisilc  to  proin’r  utnlorstanding  i>f  sc.-ili'  iinnli'l  syslmns  —  is  precisely 
tiio  sjitnc  iis  lliv  niininnna  rvijnirvil  to  ninlvil.iko  any  mui'v  foiinal  aiiiilysis  of 
vijuid  vidiilil.v.  in  tin*  ns»-  oi  inodi'ls  tliails  jiinnarily  with  itlfii- 

til’yiiig  tin’  liasia  raclois  indin'iifiii''  voliioU'-soiis  systnns  ’ii'lnivior.  liosults  of 
this  ro.sciii'cli  art-  thus  of  fuinliinn  iit;d  intvi-r.st  (piiti’  iip.ii't  froni  wlictliLU'  or  not 
sraU'-nioili’Is  aii’  nsi  iid  or  pi-actival  in  sindyinp  an\  part ividiir  disigii  prohlpiii. 
The  siiiiic  niininiain  uinh'i'sltiUilinjj  nuiy  Ik-  rcavlu’d  by  ()tln‘i’  paths,  but,  Iiowpvcr 
I'l'iii’lic'i!,  it  must  stand  tin  siiinr  tvst  of  I'l'vdirting  vlTvcts  of  sinii>ly  clurngiug 
thr  scab’  of  ihr  system. 

As  a  nuittirof  fart,  the  n-scaieli  sumniaiiml  below  Inis  not  only  elarified 
many  bnsie  whii-lc-soil  iidortictioiis,  but  Inis  also  nsidted  in  the  develoiiiuent 
of  inau’lieid,  eronomieal  teelniiqiies  for  the  use  of  seule-nna!”!  tests  ;n  direet 
sirpport  of  vehii'li'  di’sii;n  worh.  This  is  fortninite,  because  tlie  complexity  of 
iiatui'iil  leirains  ainl  of  real  \ehieles  is  so  great  as  reasonably  to  preelnde 
—  within  the  st'ope  iif  support  that  this  tyjie  ol  study  iniriiially  I'cceives  — 
eoaiplele  soltnions  to  pr:ietieal  probb-ms  solely  by  matbeinatleid  means. 

Bacb^pound  of  scale-model  vehicle  work.  —  Altbmigb  K'amni  nml  Sebmid, 
during  llie  late  li'dO's,  usi'd  scale-models  to  study  the  dynamic  behavior  of 

Niitl:il|,  In*\  (,'lu>loxto\viij  Mnrvluud, 

I'.H,  Armv  Trmi-'t'ttrlnl ion  t'oiMiniiutl,  Fl,  Kusli.*, 
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vciru-ifs  (Ml  liinli'Viiys  (ri-f.  1),  e(>iisi<lcnitHiu  t»f  tin*  iis«>  of  iikmIcIs  to  study 
s«.il'l-j;V(innd  (•rdss'ni}'  pcrroi-mimro  iippoiu-s  to  hiive  Ix-diiii  with  ilsirkwick,  ill 
a  sluM’t  wai  tliiK'  iiot(‘  for  the  liritisli  « .Mud  (’ouiiuittet- >  ^ref.  2).  Markwick 
picpared  a  simple  diiuensiiMial  analysis  of  the  pi-oMem.  hasisl  upon  the  nssuni- 
ptioii  tliat  the  soil  could  he  ehaiacteri/.ed  in  Irniis  of  its  t'oulomh  ctH-fficients 
(e,  cohesion;  and  »h,  an;;le  of  iiitei-iial  friction),  its  density,  and  a  viscosity 
ciH'flieiiMil.  lit*  {Htintcd  out  the  seversil  dilemnas  raised  l»y  his  aiial.vsis  from 
the  view  point  of  practical  sealiii};  proccdnres,  hut  coiu-liidi-d  lliat  siide-inodel 
methods  ]>roh;dil.v  couhl  he  deicloped.  The  current  (limeiisinnal  analysis  of  the 
jirohicm,  which  is  hut  little  e)',an;;cd  in  fundameiilals  from  Markwick's  orioiiuil 
proposal,  is  "ivcii  in  .ippeiulix  1. 

The  first  serious  eN|ierimehlal  cxplrn'otion  of  the  use  of  scale-iiKHlel  vehicles 
ill  soils  heeaii  in  late  lt'4o,  under  the  auspices  of  the  I'.  S.  Army  Ordnance 
Omps,  at  the  llividsioi  Lalunatory  (then  the  Kxpeiinieiital  'fowiii};  Tank). 
This  Wink  stai'ted  hy  atteiupiiii;'  to  validate  .M.-o-kwirk's  aiial.vsis  e.\pcrinicnt:illy. 
Tests  wi're  condueted  in  the  lahoratoiy  wit  .unilies  of  small  tvhcels  rollint; 
sloivl.v  ill  a  liithl  lo;uii  haiiii"  low  no  .stiiie  content,  and  in  an  air-dr.v  silt.c 
sand.  .\t  the  time  that  this  program  was  siispeiolcd  in  l‘-'4tl.  positive  ivsnlts  had 
heoii  tiehieved  for  the  lunited  laiiee  of  .sods  ciMisiih  reil  ifef.  d).  Sliortl.v  there¬ 
after  an  iiulepeiideiit  study  was  hej;im  in  l•',n}'laMd  h.v  .M  Kweii  iind  Willetts 
whieli  cmhraeed  u  larger  raii^’c  of  test  ohjeets.  and  reached  siihstauliall.v  the 
same  eoiiclusioits  (ref.  4,  a). 

Since  that  time  seali •■nio(h'l/diiuensionally-orieiited  reseai’ch,  pi‘r  sc,  has 
heeii  ciMitiiuied  h.v  the  T.  S.  .\riiiy  Trai  sporlat ion  lles.-i, reli  t'oiniiiand  (L'SA- 
TKlh'OM)  from  ItfiCi  to  date  (icf.  (i-lit,  and  Iiy  the  I'niversit.v  of  .Miehioaii 
from  lit'iS- I'.IOO  The  latter  work  was  based  upon  lalHualoi-.v  tests  in  .sand, 
and  was  hampered  for  a  tiiu<‘  h.v  all  attempt  to  iitili/.e  dimiiisiouall.v  unsound 
parametiM's  to  deserihe  the  soil. 

Outline  of  the  complete  tihATRIiCOril  program.  —  The  I'^sATHKCOM 
jirofuaiii  to  dewlop  vchiele  nii/liility  scale-iooilel  undei-standme  for  all  t.vpes 
of  soft  terrain  w;is  initiated  in  I'.l.'iti.  The  approach  was  to  jHisiulate  the  t.vjie.s 
of  nieehiiiiiral  hehavior  iiivohcd,  to  iMmdiiel  critical  tests  within  the  framework 
of  the  dina'iisiimal  analysis  based  uinm  thesi*  )>ostnlates.  and  to  modif.v  and 
simplify  the  analysis  in  accordance  with  the  lest  re.siilts  until  a  satisfaclor.v 
level  of  correlatiiMi  was  achieved.  It  has  now  heeii  deinonsirated  that,  hy  jiropi'r 
dimensional  tre.itmetit.  scale-model  test  |•e.snlls  can  he  ii'teipreted  not  onl.v  in 
terms  of  the  perforimiiice  of  a  wide  r;in;:e  of  similar  vehicles  of  dilTerent  size 
from  the  OIK’  tested,  hut  also  for  a  raiiee  of  terrain  eiMiditioii-s  as  well. 

Tlie  rs.X'rii’I'd ‘I  i.M  jiroeram  used  eeoii  elric  seale-niodels  of  o.Nisliiig  ve- 
liicles,  and  the  tests  were  planiic'l  so  that  direct  l•omparisolls  of  iiukU'I  and 
full-siz.e  nerforiiiaiiee  couhl  he  made.  The  scale  ratios  were  made  hir;:e  (alxmt 
t  i)  and  the  tests  |ici  formed  in  the  field  in  esseiuiallv-  natural  terrains.  This 
rliminiited  the  prohlem  of  rcprodiiciiie  natural  terrains  in  the  lahoratoiy,  and 
permitted  direct  eoiuparismi  of  model  ;iiid  full-si/.e  test  results  in  the  siitiie  real 
terrains  of  interest.  This  was  desirable  heeau.se  imtural  terrains  me,  hi  general, 
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liiylil.v  striilifii-ii  in  lioi  izuiitiil  plaius.  TItis  slrnlifn-iitiDn  is  :»  cOiiiinctcristii-  that 
slroii'/Iy  afl'ccts  iiftnal  vchiclf  |i('ri'oi-in,iiiic.  Tin-  vlativi-ly  l:n';'c  (hut  cnliivly 
lii-ai-licai}  M'alf- ratios  iinnh'  tho  size  of  tlic  imwlcls  coii)niiii.sural)U*  with  tin- 
(lislioino;i<iicitios  in  iialnral  romlit ions,  ami  minimiziil  «‘iiors  asso- 
i-ialisl  with  aii.v  nri« s^iry  ncfiKrt  of  pfoiuT  soalin^  ol  M'l-oiulary  factors. 

'riic  first  tests  Here  iiiiulc  in  snow  witli  lh>'  jMiwcr  car  of  tho  1..  S.  Arm.v 
l,o”islical  t'ar^io  Carrier  and  a  '4  scale  nioilel  ol  it  (fie.  1).  'Ilie  lA  1/ 

power  car  is  a  4  X  4,  AO  ton  veluclc  iitili/ine  tires  It'  Icit  in  diaiiii'ter  ;ini1  4  fci't 
wiilc.  III  t.\pieal  siih  arctic  siiows,  this  Iteavy  vehicle  ojiciales  onl.e  wlien  limited 
snow  dcptli  |icrinits  «  ^roninl  snpporl  ».  Corrclal ions  wore  ohlaiiicd  helwcen 
the  iiKith  !  and  rnll-si/e  prolot.vpe  primal  ily  on  the  basis  of  .snow  doiitli,  althon>;li 
tlio  manner  of  rediiein;;  .snow  «lepth  for  the  model  tests  resiilted  in  an  essentiall.x 
ooiistant  snow  eondition  for  the  inodid  tests". 

l-’iirllicr  correlation  tests  in  snow  were  condni-ted  in  Mtchiean,  during  lO.'iT 
and  with  ;i  Ii;;lil\v«'i"hl  whcclcil  v*  liie)c  i-a]>al)K‘  of  oporatino  in  soft  snows 

of  any  dcplli;  i.e.  a  «  llotalioii  »  vehicle  (.Miirsli  Unooxt;  and  a  model  to  appro- 
ximalel.v  '/]  si-ale  iliu.  -).  In  IJI.'>!I,  the  dimcMsional/scale-modcl  imdi-rstandiii}4 
was  ajiplied  in  tests  tha.  eviihialed  the  «  llolalion  »  performance  of  a  wide  ralipo 
of  other  lire  shapes.  (See  appendix  II  and  fli:.  A).  In  HUKI,  this  work  was 
extended  to  include  p<  '  formaiice  in  the  «  eroiiiul  support  »  region  of  loads, 
snow  Htiiiigths,  and  .snow  doiitli.H'. 
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I’orivlation  to.^Is  woiv  ruiitlucti’il  with  the  Lf.'O  and  its  I4  seal**  niwlcl  in 
lu-adi  sniuls  during  tiu*  snnnnoi*  of  Itt.'itj.  Fuilhor  coiTcliitions  in  sand  were 
devoliiped  wiMi  tho  Mai-sli  lfu}r}iy  nitd  oilier  liill-si/.i;  vcliiclts  ami  imKlels  duiiiitir 
19'>8.  lUo!*,  and  1960’'“.  Tin-  diniensioiiid/ siali'-nmdrl  rapaliility  was  af>ain 
oxploitisl  in  the  evahnilloit  and  analysis  of  the  iii'i  foiinanee  of  a  wide  range 
of  tire  shapes*. 

A  method  for  chai  acteruimg’  soils  and  snows  for  scale-model  test  purposes. 
—  In  appi-ndix  I  will  he  found  the  eiirreiit  dinn  iisioiial  analysis  on  which  the 
research  is  hasetl.  This  presentation  eonelmles  willi  fiiiietiiinal  e(|uations  for 
operation  in  sands,  nry  snows,  and  other  jn  imai  ilv  fi  ielional  materials,  as 
follows: 

z  -  <1  H  (W/i-,  .1-.  >l>,  S,  h/il)  (In) 

I)  Wi)'  tW/r, .!-  ll/.l)  (111) 

n  -  W"  (\V/e,  .V-.  <1*,  S.  h/il)  (le) 

wliere  the  .seiuliols  are  as  defined  in  the  a|i|)i  ndi.\.  If  tests  aii'  ni'i  in  a  lenain 
for  wliicli  the  (lynainie  ititenial  friction  of  the  niati  rial  ('I'}  ma>'  he  jtri'sumeil 
to  be  ii'lat ively  eonstaiit  with  dej>th,  tlie  prohlem  of  correlating  seale-niodel 
and  ful!-.si/e  (esls.  if  the  analysis  is  euneel.  rednees  jniniarily  to  tliat  of 
evaluating  the  loa<l  mniierie.  \V,  <*.  d*.  This  in  tiiiii  hecouies  :i  prohlem  of 
assigning  a  value  to  the  average  elTeetive  structural  cohesion,  e,.  for  the  stratn 
Utili/ed. 

Ill  theory,  llie  desired  value  is  a  weighted  aveiage  of  actual  iiuehaiiieal 
nieasiireiui  nts  in  each  stratum  —  which  no  oiu'  yet  knows  ipiiie  huw  to  make, 
tiineh  less  how  to  averagi'.  To  eireunivent  tliis  euinplex  lueasurenient  and  inter- 
pn’tation  prohlem,  rel.ilive  values  may  he  imliieed  f|•nMl  the  results  of  piH'ssiire- 
jH’iietration  tests  of  a  series  of  eireiilar  jilates  tonsiileied  as  seale  uuuh'ls  ami 
jimtotypes  witliin  themselves. 

This  is  done  liy  assuming,  a  ]>riori,  that  the  tests  on  two  sires  of  plate, 
which  will  be  governed  h.v  a  simi>lified  Ncrsien  of  i  i|ualion  (1  a), 

Zp  -  d,.  (■)""  ((|/e,)  (2) 

(whore  <1  “  average  penetration  pressure,  and  tlie  suhseripts  «p»  refers  to 
the  plates)  nnisl  correlate  if  appropriate  values  uf  e,  are  known.  Kelati\e  rather 
than  actual  values  will  evideiiily  he  siitlieient.  In  aeeurdaiiee  with  this  as- 
suinjilion,  arhitrar.v  values  foi  e,  are  assigmsl  which  force  a  «  best-lit  »  eorrehi- 
tioM  of  the  test  results  from  two  jdates. 

It  is  furtlii'r  assumed  that  llu-  same  relative  hut  arhitrar.v  values  for 
will  .serve  in  the  lo;ul  minierie  deseiihing  results  of  le.sts  in  the  .same  terrain 
on  other  seale-nivMlel  ami  full-si/.e  ohjeels  in  the  same  scale-ratio,  one  to  the 
other,  as  the  plates  —  providi'd  the  plate  tests  have  each  sampled  the  terrain 
to  tho  same  gencr;il  vleplh  as  will  their  rvs]ie(live  eounterparts.  It  should  he 
ein|diasi/ed  at  tliis  point  that  the.se  gross  assuiuiitions  ai'o  suiiporu'd.  in  the 


finiil  luiiilysis,  only  hy  thr  f.nt  ilint  llnir  iisi>  rcsiillH  in  n  ii.M-ful  ^ligroc  of 
i'urn‘latii»n  Iwtwocn  hukU'I  nn<l  fnll-si/.t*  vi'liifK*  pcrformani-o. 

To  illiislrato  tli<>  proccilim-,  coiisidcf  the  ilala  shown  in  fignti'  4,  wliich 
shows  Ivjiical  plal('-])i‘iuMi-ation  lost  ivsnlls  for  four  iliaiin-fri-s  tif  plato,  oa<’h 
willi  two  replications.  All  data  were  recorded  in  a  siiigh',  tlisp.  ilry.  snow  pack 
within  a  small  ai'ca  and  a  short  iic.-hwl  of  time.  The  data  ais-  plotted  in  <|Unsi- 
dinn-nsionless  form;  i.e.  tf  v.s.  z/d.  It  is  evident  otv  ins(H'ethni  that  the  .shape  of 
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the  average  curve  fur  each  si/e  is  similar,  and  that  if  iiroi'er  values  of  e,  cintld 
be  a.esigned  to  Loniplete  the  loail  numeric  fi|  e,),  the  fiiui'  glsMips  of  tests  would 
display  a  "ihmI  degree  of  correlation  when  plotted  in  fully  dinieiisionless  terms. 

Hy  ai'hit  ra l  ily  assigning  a  niiil  value  to  the  a\  i'i'age  .'ti'eiigth  experienced 
by  llu'  I 'J  inch  iliainelcr  plate,  and  by  assigning  to  the  curves  for  otlu-r  iliametci’s 
the  relative  values  .sliiiwii  (as  c,.  where  the  sidisei  ijil  «r>  imtis  *  relative* 
values'),  till'  four  average  curves  can  he  made  to  eunelaie  as  illustnited  in 
ligiin-  b.  Hased  Upon  tliis  result,  we  eouM  prueedc  to  eioiduei  (,>is  on  a  proto¬ 
type  under  the  assumption  that  it  was  ojveraling  in  a  snow  p.-o-k  having  an 
;iverage  strength  of  <•  while  tests  oti  a  b,  scale  model  woiiid  aieoi-diiigly 

be  condiieied  umlei-  the  assiimption  lliat  tlie  pack,  used  by  the  navdel  to  only 
oneipi.irler  the  deplli  used  by  the  prototvpe.  had  an  average  .strength  of 
e,  --  O.d'i,  wbieli  w.-is  the  value  giving  the  lie.st  correlation  of  the  d-ilich 
diameter  jilate  witli  the  fidl-si/.e  i'J-ineh  diameter  plate. 


In  Older  to  eoneivilixe  thr  nu-llirMl.  however,  nil  plate  data  niv  eompaml 
to  a  typical  «  standnid  »  curve  for  a  I'-J-iiH-li  diameter  plate  (fiR.  6)  —  aibi- 
trarily  chosen  after  ii(*i|te<'tion  of  a  jrivat  deal  of  data  coverin;?  tests  fi-om 
1054-1M5S  —  nither  tlian  to  eaeh  ollo-r.  In  rceof'iiition  of  the  faet  that  ninny 
shapes  of  curve  otlier  than  the  one  si-hs-teil  an-  possilile,  csix-eially  in  other 
types  of  snow  laieks,  I  fir  «standaisl>  rune  slimvit  in  lijinre  <1  is  desigiiati'il  as 
* 'yi*e  I,  typical  of  lij{ht,  dry.  tree-lndt  snow  pucks*.  As  a  matter  of  .faet. 
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assii;nniciit  of  e,,  values  liy  inakiiifj  a  «l»esl-fit  »  to  tlu-  ts  pe  I  curve  even  when 
the  te.st  curve  is  not  chisely  related  has  worked  well,  aIthou;:h  the  liasie  philo- 
.soj'liy  behind  the  iiicthod  w<iuld  siij'^esl  that  when  the  .sliapi's  were  not  similar, 
eorrelatioii  sliould  not  lie  e.spccfed  a  priori. 

Finally,  to  complete  llie  {leneralizalion  of  the  method,  it  was  arliilrarily 
decided  tint  Jilate  diameler  used  to  determine  (or  to  prislicl)  e,  in  snow  should 
lie  1/10  of  tire  diameter. 

The  luetliod  las  heed  successfully  e.xteiided  to  sand.s,  in  wliicli.  however, 
a  new  «  slandanl  »  curve  ivas  estahlislied  tfor  a  4.G-iueh  •liameler  plate,  tio.  7); 
and  t(-st  plate  diameter,  ns  a  |>riiclieal  inea.sure.  was  taken  as  1  •J.>  of  tire 
diameter.  .\s  a  rcsiilt  of  these  chanoc.s  the  ajtpro.simati’  is-latioii.ship  hetnoen 
the  i'clati\e-strcn"tli  iiuiidiers  irs.-,i}incd  to  a  "jiveii  sand  or  snow  (-like)  inatcriiil 
hy  the  two  nictiioils  i.s; 

-  0.ti|j  (:« 


>1n»u  n  f«»r  sii|>|Mtrl  only, 

#  Stiff  4«f  j»ronn*l 

^■7  l.'X'  to>t>;  mm^w  (Ii/d*.  ix  oiu*  ImmmI  1 1'-ll (i-,  uiilifntt'i 

nitliin  >yml»ol. 

[!'  C-i'i*,  full  ?*!/«*;  iii-!i.:ii.Ml. 

Ki^r.  N.  -—  |V  in  '•rinw^  tfotniiuii  :iihl  Mi)‘j»orl. 

i.c.,  a  iiinlri'iiil  Miti  ii!ici|ial«*  Im-Iwci'm  a  l.xpifal  siinw  aiiil  ,i  t.'piial  saial  would 
a|i|u':ir  lo  lx-  a  slrouit  'iiuw  (c,  would  ho  lil;,'li),  v.ltoi'o,  toslod  I)y  llio 

c  statHlai'd  >  .sand  |^|■o^l•d^|•^•  Itio  saiiio  mairrial  would  apiioar  lo  ho  a  ^voak 
sjiliil  I  would  ho  low). 

Correlation  achieved  by  use  of  the  method.  —  'I'lio  an  !  hod  just  dosorihod 
has  Ims'm  ulili/.od,  wilh  ;:row;ii"  roliiu-iiH'iit,  in  I  ho  analysis  and  ooi  i-olat  ion  ol 
tosts  ill  SHOW  and  sand  oovorino  a  poriod  oi  lour  yoars.  l-'ioui'o  S  shows  tho 
ooinposito  data,  at  a  roasoiiahlo,  lisid  tiro  ilolloolion.  rro!ii  tosts  ol  tlio  Ltd,' 
jiinvoi'-oar  pi\»lolypo  ainl  '/i-soalo  niodol  in  snow,  I'loin  tho  «  llolation  »  royion 
throti!;h  tho  «  orouiid  siipporl  »  ro^ion  (whoro  .>now  il  -j  lh  and,  or  tiro  loadiiif: 
is  suoli  ilial  tho  snow  paoi:  is  disiurlual  riyht  ilown  to  tho  oooimd  hoiioathh 
l)imoUsi;mh’s.s  drawhar  pull  (I)  Wt  ;it  2.’i  porooiil  sliji  (always  noar  tho 
nia\iiii>iin  pull)  is  plollxl  as  a  I'unolioii  of  iho  load  imniorio  iV/or  d-. 

Tlir  {Miiiits  plottod  woro  isn-li  ro.id  I'roin  tho  «  lairod  »  rosiilts  of  ntintoisius 
oaiofully  roiuiiictod  ilrawhar  i>nl|  vs,  sliji  tosts.  A  typi<'al  sot  of  data  oiirv os 
from  Olio  .snob  scrio.s  in  simw  is  shown  in  lioure  !i. 
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Tile  lii'niiiniiin  of  «  ;4i(>mul-snn|ioi'l  »  was  ilfloi'inimil  from  .slinly  of  iiiioto- 
or.  fills  taliin  of  rl'o.ss  sicliniis  of  tlir  snow  fun  k  clll  acniss  tlir  vrliirlr  I'lll.s  .ninl 
triati'il  liy  llii-  «  I'oai'iiio  lio'ilil)' »  lOi  llioi]  (irsl  irfiorlrd  liy  Nakayil  ",  I'’i;j:in'o  10 
slimv.s  .sin'll  a  iilioto"  1  a  fill,  in  wliicli  it  uill  Iv  moii  tliat  I  lie  rxtciu  to  wliicli  tin* 
siiow  pack  lias  failcil  innlcr  vdiiclo  ai  lioii  is  dearly  \  isililo. 

l'’i;!iiic  II  finsciits  similar  com ic^sitc  tiata  from  tests  in  saiul  of  tlu-  liolit 
.Mai'sli  Hii;;oy  (on  low-fiic.ssui  c  tin  s  It)  feet  ill  diiimrter,  at  a  single  delleetion) 
ais!  a  scale model  of  it  to  ;:|>liro\iiii;'tely  '  (-scale.  'I’ln'  impoitaill  veliidr  ])arn- 
nieter,  tire  |iri'ssme,  was  eoiit roiled  in  all  snow  and  sand  tests  liy  adjust iiirr  lire 
det’.  et ion,  nnder  lest  load  and  on  a  iiard  snrfaee,  to  a  lixed  jiv  reelitaoe  of 


__fii'Mi_iiLirr'ifiiiri  liignlinniiiiiif-^-rrr  n  lir  ii'  *~  ^ - - -  •- 


—  r.G8  — 


!i 


I 


il  iJint  at  lu;n!x  in  one  lest  an-n  may  })<■  "('n<'nirtzi'(l  to  jn-vtlfcl 

n<sii1tH  in  4illi(‘r  nmis  linviii^  t-illicr  iiioic  or  less  sti'cn}:lli. 

Some  4X4  design  chiirts.  —  Tlu‘  um-iuJoi-ss  of  thr  iMcsmt  niidci’stiiinling 

is  iTa«lily  dt'iiionstratisl,  aiitl  lJu*  *l«'urts-  of  rni'irlatioii  .•i<‘liic\ able  liy  Ihc  inctliods 
dis^nissitl  is  fnrtii«-r  sii])|M>rt(<|  l>y  llii-  ilata  in  12  iind  Id.  I-'if'nrc  12 

prt“s»'nts  iho  n-snlls  of  Iiiiih1iv<1s  of  icsis  in  tn'c-l)c!t  snmv  packs  of  a  series 

of  tin's  of  \i‘n1cly  difri‘i-in<»  isinfi^iiialiiin.  si/i  s  aiul  loails,  at  a  sinpde  dcllcclUm 
rnlio  (4/d).  Tlie  »di:iriiel«*risli«-s  t>f  tlic  .s4-rcral  tiri's  niv  sluiwn  in  appendix  II. 
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It  will  lie  sei-ii  that,  siinjily  l»y  rejil.-iein;;  tin-  nniiierie  W/Cf  il-  liy  its  diineiisional 
eipiix .’ileiit  \V  e,  liil  (where  II  ■■  oNciall  tire  o  iillh).  the  iloiaiioii  |irrfoniiatiee 
in  drx'  snow  o\«t  a  period  of  Ihns'  years,  of  a  wiih'  ranee  of  tires,  24  to 
I20  iiu-lies  in  ontside  diameter,  tinder  loads  fmni  oO  lli/tire  to  iiOdO  lli,  tire,  in 
snow  jiaeUs  of  Miryino  slreii”tlis.  all  plot  w  illiiii  a  \x  ide  Init  eitlii'ely  tisahle 
S4-iiller  hand. 

l'’ionre  Id  shows  the  sand  |ierfiirinaiiee  of  these  saiin-  tires  similarly  trialed. 
In  this  ease,  tin-  loads  raneeil  from  .'ill  lli/lire  lo  .lO.llIU)  Ih  tire.  'I'lie  seatter  is 
less,  and  the  jsissihilily  for  red'ieiiie  il  throu^di  the  nse  of  a  inoie  eoniplex 
form  of  Ihe  load  nnmerie  is  evident  in  a  more  detailed  |iresentation.  However, 
till’  error  '.n  usine  n  single  e'lrve  to  prediel  either  sand  or  snow  peifoianan'.'e 
friiiii  llie  data  in  (ienn's  12  or  Id  is  well  'ailhin  the  aeeura/y  with  which  liehl 
eoiulitioiis  can  he  predieleil  for  praelie.il  desimi  jinrpose.s. 

The  two  «  .sinj;le  liiw  »  IV^^  vs.  \\  Cr  hd  mixes  for  sand  and  .sitow,  ri'diieeil 


—  fiG'i  — 


ti»  ii  (MinniHiii  Itji-a-  in  Ici'ius  uf  lln'  .nppi'oxiniiitc  i-i'lntionsliip  »ivon  l>y  ctpiatioii 
;iiv  slinwii  ill  fi<^iii-4‘  14.  Tlu'  l■^•lll.•linillf:  <lilVciriirf  may,  for  tlic  nminont  at 
li'ii-xt,  Ik.'  allriiiuiitl  m  ilu'  larfri-  <lin*‘i .  ini-  in  nsnal,  avi-niji*'  intcriml  fric-tiDii 
in  sainl  ainl  «li-y  sinnv  (tan  <!•  -■  (1.7,  ami  tan  <!•  =  0.4.  ii'spi'ctivfly). 

It  iTinains.  in  nrilcr  to  inak«‘  llic  dat.i  «i('  lijxnrc!*  12  ami  lit  iisi'lul  in  di'si^n, 
to  assign  rrasonatili'  valm-.'i  to  <•,  I'or  larions  conditions.  .\  preliminary  snrvi-y 
of  I rci'.lK  li  snow  aic.is  Was  Ik  *:iiii  in  ItHiO.  v.liicli,  tojidin  r  witli  tin'  accninnlatcd 


(tLL  HEFtHBiO  »0  TtCt  I  SSC'V  C.’HvE) 

,  '•K.  H 

test  site  data  troin  previous  years,  lias  resulted  in  tile  a pprosiinate  relatioilstiips 
lietweeii  c,  ami  piate  diameter  (and  lieiiee.  \  ia  (lie  stand. ndi/'ed  procedure,  tire 
iliainetei')  sliown  in  fipnrc  1.7 '.  It  lias  Ineii  observed  ili.it,  in  General,  iioniobi- 
li/atioiis  oi'  4X4  vehicles  in  level  teirain  will  not  uccnr  regardless  ol'  snow 
si  reiir.'lli  (within  observed  limits)  if  snow  depth  is  less  ilnin  approMm;ttel,v 
40  pereeiit  of  lire  diailo'ter.  l)ata  collsitlered  at  each  plate  diameter  Were  ■l(•^■ord■ 
in)rl,\'  limited  to  those  ohtaini'd  in  snow  paehs  treater  than  three  times  tlio 
pliitc  diamet*T. 

It  will  Ik'  ret, larked  that  llie  snow  strength  npoii  which  a  vehicle  ma,v 
de))elid  ioere.isis  alniost  rniearl,v  with  tire  diaineler.  Tlius  a  lafee  diameter 
tire  lieiielils  not  old,'  fruoi  its  si/,e,  per  se,  hut  also  from  a  lesser  likeliliood  ot 
meetiii}'  erilieal  snow  depths  and  from  the  piohahilil,v  that  h,\'  iisino  the 
deep  parks  to  ore. iter  depths  than  do  smaller  tiles  it  will  eiieoimter  oreidcr 


12“  DIA  PlAT€  : 

DEPTH  n>  3  X  PLATE  OlA  32  DAYS 


Kij;.  I.T.  — •  1 1i:<t rilml inii  of  >'onv  for  im'  lav  >-a'<>n  of  'lin’u'ull  .»nuw 

friiiii  |iri'liiiiio:uy  Mirioy  of  It-a- Im  ||  ( 10 jS- 19l>0). 


iivornj^o  sIrvMotlis.  Tin-  latti-r  t';ict  lUiiv  lii>  cxiilaiiud  i|U.ilil;i>ivol_v  hi  tcniK  of 
incniis.il  shdw  .sn'cn;;ih  in  tlic  lower,  oUK-r  l;i.\ci-s  .>1  ;i  t>])ir:il,  dry,  trio-belt 
snow  piiek. 

Altlioiioli  II  siinihir  survey  bus  not  been  lieoiin  in  inilnriil  siiinl  iiroas, 
cNiierience  in  the  test  iireiis,  eonservaliiely  ini .■rpieleii.  iinlieiites  that  nhnimuin 
Cr  \  :ill\i  s  in  siiluls  will  be  of  the  onler  of 

('■,)„.i„  d.,/*'*  (4) 

where  il|,  —  plate  iliiiineter  in  inelies.  Tlie  :iiipifi.\iniate  linear  inereas.'  in  <•, 
with  depth  miiy  r.  lh-et  snow  inlliieiieo  of  body  fnr.i's  in  sainls.  in  pliieo  of, 
Ilf  in  iidditioii  to,  an  ineiease  in  stnietiiral  streiioili  with  .lepth  .lite  to  strati- 
lieatioii,  ioeriTisin;;  eonsolidation.  etc. 

Conclusions.  -  .Mihonoh  the  work  is  still  in  jM-oLMess  and,  if  ship  and 
aireraft  esp.  i  ienee  is  anv  oiii.le.  will  never  be  ei.liielv  linisiied,  we  iM'lieve  wo 
e;in  now  fiiirly  slate  that  : 

1)  Iseale-iiiodi'l  tests  to  deterniiiie  the  perforniiine.'  of  pvojios-.'d  desifins 
in  s.uuls,  dry  snnws^  ami  siinihir  frietional/eolhipse  nial.-iiids  aiv  imw  i  ntifely 
])r;ietieal  and  reliable. 


—  G7I  — 


■Jl  Tlu“si>  tyj»i's  tif  diii  Ik-  :ii1(i|u:itcly  fli;\i';icti'rizc<l  for  tli-sigii 

iiml  ti'st  |nir|>«>s*w  ill  icniiH  ;i  i-i'IiiiAv  slriiciiinil  (ulir ;ioii,  an  I'fTi'ctivc  co- 
rOiciont  <»|‘  iiitvnial  t  rirtioii,  ami,  as  lus  t-ssary,  tlif  iif  tln'  matci  iai  to  u 

substantially  sti-oii*;cr  straliiiii. 

;{)  tbi  till'  basis  of  <lata  alis-aily  <!i-Vfli»|Msl,  vobiolo  ib-si^nois  can  now 
I'oliably  «‘siiiiia1i'  tiu-  |it'i'foi'maiicc  of  4X4  vi'ITK-lrs  on  any  ly|H'  of  tiro  in 
iU‘>'  tiw-lvU  si\o\v  aroas.  ami  in  s;iml  arisis.  uitli  iiscftil  a.ivurucy. 

4t  'rinTo  all-  cb-ar  imliaatioiis  tlial  similar,  prartiral  s4-ali--inoilcl  tost 
inotIuHls  ill  otlit-r  ty|ii-s  of  iiiatiiials  oali  Is'  ib-v |>rovi<b'il  that  (liiin  ii- 
siollally  siiiniil  |>araiiit  tiTs  aiv  nsi-il  to  i-iiarai-tiTizc  tin-  torraiii  sciil  lM  lia\  ioi-  and 
inm  idl'd  that  irii  ial  liaraim-li-fs  aro  I'Xi-Indi'd  on  tlio  basis  of  valid  l■x^)ol■inn■ntid 
ovidvlU'o. 


APPENDIX  I 

The  dimensiouiU  framework  for  treating  scale-model  vehicles 
in  soft  lerrams 

Till-  |iriiuilMl  iisiiii'ilv  toi  a  laliil,  iiM'tii!  •liiin-iisioMid  aaaly.'is  of  n  ;;ivi‘ii  tyjio 
Ilf  airi'liauii'al  s_\>ii'ni  is  a  l•ll||l|ltl•l^•.  luiniiauiii  h-t  of  tin*  lnil,v  iiii|Mirl:uit  imli’jioii- 
ilral  jiariniU'liTs  inlliiiMiiia!i  its  lll■ll:lvilll'.  An  analysis  will  bn  iiinorront  if  any  major 
variable  is  in ni limki'il,  ainl  will  Im  mislnailim-r  and  Inss  iisoliil  liiaii  it  iniirlil  be  if 
llin  list  is  mil  |iarnil  ol  all  fanlors  wIuki-  inlbinin-e  i:.  ni>5'li};il)lp. 


/•'anbo's  rr!,iliini  to  Ihr  i'lhii'lv. 

1)  Tlin  III  ifirii  trfi  or  i  iililimiralinii  of  Ilia  vibinln,  wliinli  ma,v  bn  .'in  njlicil  by  tin? 
ratio  of  l  ai  li  ii'iimilant  linnar  iliainii-iiMi  of  ibn  iiim  binn.  'iinb  ns  b'liLilb  (y).  wlmnl 
basn  till),  bi'^  ili'lilb  i.i).  lirn  ^nnlma  wiillli  ^ll),  ami  w  linnl  s|>ai  in;^  |s),  tin*  ib'ni’i;t ion  (5). 
nil'.,  Ill  a  'iiiu'li',  nliaranlnri'tir  lunar  ilimia'iiiii  .''’.l■ll  n.i  ibi*  wliiil  diami'li'r  (il).  Tims, 

y/ii.  m/ll,  a/ll.  b/il,  8/ il,  nir. 

Tlir  'tali-mi'iit  nf  ixiniaot n.'  -imilarilx  IhIwiid  a  mmlil  ami  a  full-siro  imitotyiic 
inoans  lb.it  l  ai'li  >iii  li  iati-»  Inr  lln-  iinnlrl  ^■^|lla!-  '.bn  rni  ii'>|)iinilmi;  ralio  on  tlin  lull- 
si/i'  vi'liirlr.  Tlicir  iiitliii-iiri'  im  tin-  i  irmiili'li'  .--y'li  in  i-  llnis  i  nii-laiit  for  a  i^ivi'ii  l  un- 
fi'.;iualii'n,  ami  may  bn  imulnil  wiili  nll.nr  ^•l>n'laaI>  inbilin;r  to  tbi’  sy>ti'm.  Tbny  ni’ml 
nut  a)'!'iar  in  llm  lumliuiial  is|iialii>ii  that  is  llin  liiial  n.\|Mvs-iii'n  of  a  ilimi'ii-iomil 
nanlv>is  iinrfornnNl  in  ri-bilioii  ti»  llm  u-n  of  '.ii'iiiiii  i nrally  '•iiiiilar  .-.raln-miulnl.s. 

■J)  il  a  1  liai.irlni  i-l  i.-  linnar  <limnii-ion  of  tla*  vnbinln,  siinli  as  its  wlini'l  iliami  tiT, 
ivliinb  n.N|iri-'-in.-.  it>  -/re.  Tim  ralio  il.„/il,,  in  w  liii-b  ilm  >nb>iTiiil^  in  ami  f  n  l'nr  to 
M-alr-iiiinln!  ami  fnll-'i/.o  |iii>li.|y|>n  in'|ini!ivnly,  i-  Ibn  linnar  -i-ali'  riiliii.  A. 

:t)  \V  —  llin  firo'.'  .'(U'/t’f  Ilf  Ibn  vntiinin.  tVlinrn  im|iintant,  Ibn  ratios  of  I’l iiiiiiom'iit 
wnij^liiT  to  Ibn  cio-i  ivni^bt  inii't  al.-o  bn  >|i{'nilini1.  llownM'r,  Ibo  rni|niromfiit  for 
nniniik'lc  ilyiiaiiiin  -.imilarily  Im-Iwiiii  two  .si/.ns  of  xnliiiti's  innlmb  s  Ibn  nunililinll  lliiit 
l•^lr|■|?';'nllllill,s'  lalii.-.  ml  ».u  li  Ih-  i  ijn.il,  .-mi  i'l.il,  .i .  in  tin-  i-n  o  of  Inn  p"omnl  i li'n^n 
ratios  ni-n.l  not  .'iji|>n.'ir  in  ibr  fninl  ni|initiiins. 


f'lii  tnrs  /«  t^r  •  jirnitittn  «*/  l/tr  rihii  h . 

^)  \  '  n  rclatiil  In  llif  vrliii-lc,  Niirli  ns  iK  ripliornl  « heel 

ri'lalivv  lu  tin*  Vfliii-le.  At  it  nivi-ii  iiiiiitii'i;l,  nil  •■llici'  vcliM-itirs  niiil  ciniijxiiH-iit.s 

ill  till*  sVsti'ni  limy  In"  in  Iitiii-'  «%!'  ml  Ins  In  lliis 

Olio  ratio  of  |kaiii<-iiliir  iiii|M>iliiiii'c  in  ■lyiiniiiii-  sysli  itis  is  ilic  sliji  nilin  (S): 

S  “  V,/V,  whorv  V,  -  tin*  .-lip  s|hi-iI.  or  .ncTTurr  -piTcl  nt  the  tthi'cl  cnMlnil  nroii 

nliitivo  to  llu-  ninlisliirticil  -siil  or  -notv. 

It  i.s  lo  Ih-  iioIisI  llinl  ttliilo  llio  slip  nilin  i-  ii'iinlly  rnmiivi-il  in  tcrins  nl'  .s|mti1s, 
II  also  Inis  n  siniptc  ^tsniuiiir  iiili  rpivlalinii : 

S  j/ls.  tvliiT.-  €  j*  is  as  ih-liiK'il  linlnw  S.  :ini1  I.  ~  ilisinnrc  t'rniii  I'lniil  lo  nsir 
Ilf  riiniiiiio  <^-iir  <-oiita<‘l  an-a.  aloinr  !h<‘  -ninr  |nilli  i.  rr  whii’li  »  j  »  is  mniisarcil 
tii-iially  parnlli-t  lo  Ihc  av«Ta”o  -nitanf  nt  llir  niiili'rial). 

In  liiMis  of  s|Kssls,  till-  slip  ratio  iinplii-s  ilynainii’  soil  iraitions  iiri.-iiii;  lioin 

irii  rtin  ainl/or  vi-ioiis  i-irists.  In  icriiis  of  ili-tani  is,  llir  ralin  implies  ossenlinlly  stalie 
material ■  rearl inns  ilelermiiieil  priiiiiTily  Ky  •li-phn-emeiil  aial  hill  little  iiilhienccil  hy 
lime-rale  nl"  ilisplareim-nl. 

5)  j  =  slip  ili-laiief  of  n  Iriielite  element  lelalite  lo  the  ninlisl iirlM'd  iinilerial 
ihirinc  one  eyele  in  eonlael  ttilli  the  mulerial. 

^  III  liir.s  ri  titfiiit/  tit  th*'  Mtil  Iti'il  ttr  .iiintv  itiit  t'. 

(i)  h  "  lolnl  th/itlt  of  iii’ileriiil  of  inleie-t.  Koiinilaries  of  sinnilieant  layers,  ami 
heme  their  Ihiehiies-i's  as  mil,  may  Ih-  speeilieil  l>y  ■•lea-nieineiils  lima  the  Mirl.ieo, 
,h,  ;h,  ele.  The  ratios  ,h/h.  ._.h/li.  el*',  are  pre~nniiil  ei|mil  iiiuler  the  a,ssmni>linli 

of  nionii'lrie  siinlhirily  tthieh  eMi'inls  lo  the  '.renaieiry  nf  Ihe  terrain  as  well  as  of  Ihc 
vehiele. 

7)  „e,  —  iM'loiv  istllaps*',  or  ■•Iriii  liinil  i  nlti  .-imi  of  Ihe  material  at  ile|ilh  ,|h.  This 
tvill  in  ueiieral  tary  at  a  ;;iven  spot  ami  lime  frma  layer  lo  layer,  ami  Iniu-e  with 

.hp!h.  i.c.  oe.  --  K  (.h). 

Sj  „r„  —  Ihe  full,  iniit  afler  *  i*Uap-e  or  shi  iiriiitj  r(M*loaii'  of  the  material 

ori;.4inally  at  ilejilh  ^h.  Kor  nay  ih  plh.  it  may  Is*  apprn.'.iinalisl  hy  ("milniah's  .Tssnmi>tioU  : 

Br„  “  Be^  a  Ian  *h 

where  a  iinll  iioriiial  laanlini;  on  ihe  shear  plane.  On  this  l  asis,  7,,  may  he  replaec*! 

1'.'"  II*'*  niiil  taa„  *1’.  where  the.s*'  are.  if-peelivi'ly.  ihe  elleelite  enhesioii  ami  the  lancTont 
of  the  I'lreelive  .iii'^le  of  inteiinil  liielion  o|  Ihe  inllapsiil  material  originally  at 

<leplli  €  gh  ». 

•*)  nV  '■  iH'lore-eollap-s'  Unlk  spe,ilie  wii^hl  ol  the  material  at  il.'plli  „h. 

lit)  „/I  Jihislie  Viiienielii  tiM'*»silt'  at  ileplh  ph. 

11)  A  .■li>pc  Ilf  the  'iirla*-e  tif  tin'  material. 

Vi)  „f,  ==  I'lH-llii  ieni  of  frielioii  of  moIs  or  'iious  ai  ih  plh  „!!  on  Ihe  nialmial  of 
]'al1  i  nf  ihe  vehiile.  Tlio  lisi'  siiiijily  nf  Ihe  fmlnr  f  in  Ihe  analy-is  will  siL;nily  ihis 
entire  .s<'l  of  frietinnal  |thi'i*iiinona. 

TI)  nil  ~  shear  .stress/ si  rain  iniraimli  r  *  harm  lei  izimj  ilyiiamie  slieaiia'.t  resistanee 
in  layer  11.  Pyiniinie  .-lirarini;  resistanee  <li'Veln|)s  only  aflrr  snine  eniisnliilalion  aiul 
veorienlalinli  of  Ihe  jrrnins  of  llie  eollap-i-il  m.ilerial.  The  lypiial  1  <'lal iniishi |)  in  weak. 


—  <i7;i  — 


|,Mvto  fimlprinls  lHhve<.n  nnil  .slic-nrini:  an.l  .-sJioar  travel  may  be  appri-ximatcel 

by  thr  p«{un4ion: 

T  —  4 1  —  c  “  i'"'*) 

Ib>«-aiisr  Hj  nni't  lx*  iliiiien>nnile-.,  cIm-  •litueti^inii  nf  l|n-  pnniineter  H  is  1^ 

The  list  iiii;;lil  U-  I'lirtlier  leiiirfUtxsl  by  tin-  iiiiliisiiMi  of  soil  or  sno«-  elastic 
|>ri)i)erlios,  but  llie  plieiioioeiia  ot  iof*'t«-t  roctilarly  iavolve  liin;e,  periiuitient  ilefor- 
matious  of  the  iiialeriut.  so  tliat  ela>ti*-  lortt-s  may  probably  be  ne'clerlcsl  t’roux  the 
at  least  until  •■N|M‘riiuental  i-vi.l.  rus*  iif  lb«  ir  iiopot Innie  ilietiiles  olbenvise. 


ftti'fitrH  frUthtHJ  tit  lhi‘  .^t/itrin  Its  It 

14)  j;  =  aeeeler;il  ion  of  oravity. 


Itrpriiih'nl  f’liriiiljlru. 

!•*>)  X  =  sinkaico  "t  vcliiele. 

Iti)  a tiiiii  of  v«'liiile. 

1")  14  “  ilriiubar  poll,  or  loea'iir.'ble  imir.'in  of  Irio-tive  capaiity  over  exleninl 
niotioii  resistanei'.  Drawbar  pull  of  a  -yiMn  nuo  bine  in  a  ^iven  niatcrinl  is  lar;;ely 
iiillueneeil  by  slip  ratio  (S)  atnl/or  on.ii-er  irav.I  <J).  Kitber  tlnnvbjir  poll  or  sli))i)i\gc 
luiiy  1*0  taken  as  the  in<le)ienilent  Nariatde.  ara!  the  reniainino  one  as  ilepeiulent.  In 
testing  it  is  eonvenieut  to  voiitri>!  slippa;^**  ai>4  t«>  hiea«iire  drawbar  oiilpnt.  In  prailiee, 
the'  di-aivliar  load  is  (ixisl,  at  any  •ji'et*  laoiiMiii.  by  terrain  and  toned  load,  and 
slippagi*  Isssunes  the  dependent  variable. 


ltr.<Hltiiifi  h’nHittii)ii*. 

From  tbis  list  rbe  diauiisional  eipiations  naiy  Im*  written*): 

*  =  do  I'V/.-.d-'.  e,/<„  ‘l>,  W/y.r,  A.  v^"d.  \' d//?.  f.  S,  j/H,  li/d)  U  '  1  a) 

D  -  WO'  t\V/e,d-,  e,/e„  <1-.  W/V-I'.  A.  V^gd.  Vd/7?.  f,  S,  i/lt,  |,/d)  tl-lb) 

<l  =  O"  tW/e,  d-.  e,/e„  W/y  ,I  .  ,\,  V=/cd.  V  .1//?.  f.  S.  j/H,  h/d)  fl  -  1  fl) 


Sftm r  i nn >•, 

It  is  oxiilfnt  Ironi  tin*  r(|iiuti<Mis  thnf  liulurs  nro  I'liininiitrtl,  jirolVinhlv 

njHin  tin*  Imsis  r\|MTirnrut;il  ihi*  unalvsis  ilors  link*  !*»  iliiril'v  veliiclc- 

jiiiit  ii);\'Ki>  tlu*  j>o.s^-s’.k:!;iif.4  fi»r  ilir  iis«»  i.j!  :\|>pritr  ri'ii^otp 

Sniiic  ot  tlio  ini»ri'  t’i»r  "implitiratiun.  fmin  a  puu-tk*;il 

viowpoirit,  an*  nuly  il-ln)  auMlitipdj  it  lioia^  aiator'^tooi! 

that  tho  tonn  ot  tor  «  a  r  nn*l  «  IW  t’olKnv  a<*r<*rtliM!>]v, 

Tliorr  lias  krfii  no  iiulicMtiuu  in  tin*  ♦Inla  lor  ilir  p;i>t  x'Vrrnl  y(.'i\rs  ot*  any  niarkisl 
I'fTcit  of  voliirk*  >pin'il,  )»or  so,  upon  vf-lnrlo  p.  rionn.nno  in  soiK  or  >nit\vs  ovor  tlic 
ot  rallirr  >liov  .-prcils  nl  ulnrli  tr-ts  lia\o  Ik'oii  nm.  ()n  tlio  l>nsis 

•}  For  a  thoroti;;li  ^lisi-iission  tif  ili,.  nii-.l  t'S'loiDjUi's  uf  ttiini  nsi(»ii:tl  nnnlvsls 

t-unglinar 


4a 


Ilf  tliiis  r.\|i*'rii'iu'«',  il  l^  |iii>sifilL‘  til  ('liiiiiiiiili'  (lor  Minilar  tc>ts^  nit  terms  rcintcil  lU 
siK'i’il,  I'xcL'jil  till*  sliii  nilio.  The  npimri'iit  inlliu'iu-e  of  slip  mtio  upon  vehicle  pef- 
funiiiiiiie  lit  .■'liiiv  is  uiulmiliteillv  ilile  to  its  "«siiiii-t ric  nieniiiii^,  wliicli  reiimili^ 

viiliil  I'l^jiUil h'-si  III  liny  lurk  ot  inliiiil  siiicil  clTrs-ts. 

Kiutlici',  in  n-hitiou  to  tin-  vehicle  iinil  lest  proeejuns  litilir.isl  in  the  present 
|irorri\ni,  the  liielnrs  A  (vijiiiiU  /eio  tnr  tiols  in  level  Icrrxiiiis)  nint  t'  iimy  lie  eotl- 
siile'.il  ciiiislnnl.  On  tliesi-  liiisi's,  eliniin:il iie^  nil  leiiiis  reliiliii-'  tii  A,  iiinl  t',  ripmtii’tt 
tl  -  1)  liecouies: 

r.  -  ill)'  (\\7e..|-,  e,./,.  'h,  \V/y.i\  S.  j/ll.  h/.I) 

ir,  ns  pnst  expeiiciiee  in  nonjihLstie  soils  nml  i|ry  .'iioivs  imlicntes,  Imity  liirces 
limy  he  eoiisiileicil  nev;lii;ililc,  rinlnis  lehileil  to  y  iiiny  nlso  U-  iievllis-leil. 

Ai'i’iinliil^^ly,  eniiiil inn  |l  -  J)  inny  lie  rmllier  siiiijiliti.sl : 

r.  -  ilH"  (W/c.il  ,  e./.v,  S.  J/15.  Ii/.l)  (I-.l; 

Kinnily,  it'  the  iniil  ilynniiiie  shinrini;  ii'isinnee  iil'  ;i  ni.ileriiil  (snili  ns  ilisuj^gre- 
piteil  Slums  ;ii,i|  siiiiil')  is  loii'iilcreil  lo  he  eiiliicly  l  iielionnl  nml  i  iHisInnt  with  ileplli, 
isptiiliun  tl-hj  iH-eoiins,; 

Z  ■-  (W/e.  .1-.  'h.  S,  j,  It.  I,,,l>  (l.-l) 

Il  Inis  Imvii  I'ouiiiI  in  iinictice  tinil  In.lli  ol'  llic  iilinve  ;i"iiiii|>t  ions  lire  ren.siinnlily 
eliise  III  ihr  rm  ls  tor  siiml'  nml  ihy  slums,  al  least  in  so  lar  ns  iho'C  inny  lie  iise-.’r- 
tililieil  hy  iiuniis  uT  iMc-snl  shear  vane  tests,  alllioi.y'li  some  sinnll  enhesion  (iislinlly 
less  than  thl  I'si)  is  oUeii  nvrisleied. 

There  leliiains  the  niiesticn,  al  h*'V  sli]i|iaye.s,  ol  Mlietlier  e\|innsii>n  i>t  nimlel  ilalll 
lo  Inll-si/.i'  pieiliel ions  slnnilil  he  nnnle  on  the  hnsis  of  tin*  shp  rnlio  (S)  or  ol  the 
nlinieiie  j/H.  In  onlei  lo  siilisl'y  holh  eomlilions  simiillains.ii'Iy, 

It„,  --  .Ml.  ll-o| 


i.e.,  hiiiiMio  an  niilikeiy.  relalively  steady  ileeiea'i'  in  inateriil  r  stillmsss  with  ilijilli 
(tneiistueil  losn  the  s'lttaei').  Ihe  two  eiiiiilitioiis  enniiut  Imtli  Is*  s.ilisfiiil  hy  IcsI.s  of 
111  iilel  and  jnetoti  |ie  in  the  saiiie  tenniil. 

.\t  this  iiionieiil.  liitle  is  known  ot  the  stnietiiro  or  het.niior  ol  the  jiiirnmcirr  H. 
It  is  not  known  liow,  ,,i-  e\en  wlielher,  it  vnrie-.  with  imnnel  aml/or  shear  stress  in 
a  ;;iveii  -oil  or  sinm,  In  what  o.vlint  it  is  a  proi  eily  iinh  |Hn.lent  of  si/e  of  the  tesi 
saTii|ve  or  lest  aiipnraliis.  i-{e.  The  iniiioitaneo  of  :il  lea.'l  oi.e  sii;  li  paiainetor,  whatever 
its  lliial  foriii,  must  he  ris'ierni/ed,  however,  lor  it  oilers  iia-  only  iUeeptfthIc  e.vpla- 
iialion  yet  adiained  I'nr  the  ilia  tael  eristic  shape  of  eiirn-s  ot  ilrnwliar  poll  vs,  slijo 
])aoe  for  all  lypes  of  vehieles,  'I'his  ha.'ir  explanation  w.as  tirst  olfered  anil  di'en.'sed 
hy  Uekker  iKef.  Id),  itii  llie  basis  of  expeiiriue  to  date.  Imwever,  it  is  f.somewhnl 
arhilianly)  t misidensl  that  )>ri  'eiil  use  of  si  ale  niodi  ls  .sh.iahl  ntili/e  iximiision  willi 
the  s/.'/i  rti/'ii  as  I'oe  i  inilndlino  nnmerie.  lalliei  Ilian  .i/U.  . •■rdiiioly,  erjiinlioii  (I  -  d), 

upon  wliieh  jir.iilieal  Veliiele  aiolhlity  iesis  of  vehieles  Osit-^  mioiUIs  in  any  lyiH'  of 
terrain  should  Im  plaaind  and  inlerpieled,  hcenniPs; 

/.  d  IV'  t\V/h,.il-',  e,/e,.  >!•,  S.  Ii,.I;  1 1  -  h) 


I  JJHIWJM 


"XT 


■ 


I 

k\N 


^  .*• 

I 


K' '. 


nils 


-  liT'*  — 

Tlius,  ill  n  tirmin  (<l»  rvtftlivHy  4tiiislniU)  dinioiisionlrsrt  siiikne**,  */«l  (and 

liko\vi^o  driuvtinr  pull,  trim,  rte.),  of  n  givi-n  vt-liu-li*  and  its  miiI.*  nnxlcl  is  n  fniM-lion 
priniiirily  «il'  tin'  Idailiiiii;,  t^'*‘  ^1*P  r^>th>,  S,  »s:liosiiiii  nitin,  and  wliott* 

iloptlis  nro  siuh  llint  «  linrd-piiii  >  •ir  « ;;rimiid->upp<>rt  »  ctiiiios  into  idiiy,  tlie  dimonsioii- 
h-ss  lU  ptli  ll/d.  All  iiiny  riiidily  lio  i«djii.-.t«sl  iiiid/i.r  tsmlrollrd  if  means  arc  availalile 
to  iiK-a^nri'  «  r,  *  and  «>■,»,  or  ridnlive  valm-s  tlo'ivof.  in  rcliitioii  to  some  arhitniry 
<  standard  ».  Ill  inali'iials  wliirli  tuny  Ik-  «-oiisidt-rtsl  pitri-ly  frirtionni  the  cohesion  ratio. 


;  i.e. 

fiiintly. 

d  H 

tW/i.d^ 

•1*.  S,  l./*l) 

(1  a) 

\V  M* 

.1^ 

.  -K  S.  h/d) 

(1  1)1 

tW/c. 

«l>.  S.  Ii/<1> 
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APPENDIX  II 

Chiuacteristics  of  test  tires 


Bfrlin, 

Mrirk'vifk  A.  H.  O.  Diim  ii-ionsil  an;i1vM'«  of  Bu-  lu  ari'ij:  f.iintilv  of  ninli  r  tra  knl 

\Alii*  lrH  siiiil  lt>  ion  in  Komi  n'o.-oar  *!!  I.  roorr.tnrv,  O  tol-rr  lOM. 

;l)  Nuttall  'T.  ^=‘{il'‘  iJio*lt  1  in  non-'iln'lir  Slj-vtiis  lii.*iiiutr  of 

Tn  l.iio!«‘|:y,  KT'r  Kr|n>rt  Dt-ifinl.or  UWX 


nii*» 

f  i.ll  >Mt«' 

S.-rlii«n 

Will  III 

Tr^n  J 

nj« 

‘  A 

•  lol 

(t-t 

«ki«llU  b 

-  iB*. 

1  '■  1 

ti.lU)  •  Ht 

tir.H 

3.2 

o.cn 

1/lC 

l  ■  '  * 

-14,  Miir>li 

lk4> 

o.t 

i).33 

1  ■■ 

l.CV  Motl.i 

ll'.l.K 

IJ.O 

6,1 

0.40 

i/t 

4 

1  *,"  *  * 

ToruN 

:ii.7 

17.0 

U.5 

t>.41> 

SaioiilU 

I’T.S 

U.ti  •) 

3:2 

X32 

I/S 

'  -•  -.t  - 

Itollinn  Hai;, 

•J'J  X 

.iii.d 

U.!> 

O.lili 

SlIlDOlIl 

4 

'  '-'I--'.' 

Hni'i 

•J4 

•J4..1 

-M.a 

S.i 

1.0l» 

Sinoiitli 

4 

.Mi.rKi,  !Ui^:;;y, 

tH.T 

•tS.ii 

•J3.0 

o.a4 

.Samalti 

4 

un.o 

■IS.O 

0.40 

t 

12 

l.'s.OO-'Ja^  f.nrk 

1)0,: 

18.0 

16.4 

o.:vj 

1/-’ 

12 

OoiT 

Ta.t 

ai.j 

-6,7 

0.4:1 

•  ) 

12 

i 

Imlinlr.**  fno  iin-lt  jtjiafiiii;. 
*^)  Mt-n^ufftl  from  rim  tlnn^i* 

lo  oulsill,' 

ntumrtrr 

of  unO* 

•rU-rti'd  liro. 

1 

j 

SOTi::  All  <rnn 

1)  Knnii:i  \V.  nml 

i'u>i»inj«  in  itM*l»r5. 

BIHIJOM 

litiiiij  l\  l)n.-4  nr. 

JAIMIV 

M'n  auf 

Ofin  ficlvit  \1-.H 

Krnfltatir* 

'i 

;  ■•■■1 

“  ^  •**'  -*•  **• 
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•<)  Willftts  n.  K.  Tin-  |icrrt>initin<v  «if  fttolin;;.-.  <m  nrvil  ■  nlliviilii;;)  iniiili'nir'ntt  in  Sit  iU. 

Tliosi*  (‘uliniitto*!  for  of  dwtor  of  I'liivrrsilv  nf  Purliiiin,  .Tiino 

o)  M->  .\vi*n  K.  ftiiil  \\  illrll?*  II.  P.  TIm*  <»f  ilv  iiiiinit  aUH  lojitl***!  foiitiii^s. 

Ui's»»arrh  aiul  1U»  I’-’J,  .Ituiunrv  lO.VV 

{%)  Niittatl  (\  J.  .fr.  uikI  V.  M.  S*  al«H|  nuiMlity  fiH  tors.  Kiiiul  ro|M*ri, 

Wilsun,  Nuttiill,  Hnimon'l  Kn^n*,  In**.  'J  .Inly 

7)  It.  I*.  in  >in»\\).  \\  S.  Arinv  Tranj*- 

|M»rlutinn  Ki*s4ntri‘li  lnt<*riiii  K«'|tnrt.  >‘i*|»UinlH>r  P.Hi), 

N)  MrtMiwan  U,  1*.  Si.-nlc*I  v«‘liifW  inolnliiy  fnt’tor-*  (!»ri>  in  I*.  S,  Army  Tnm.^- 

pnrialiiMi  lt4*S4':ir«'li  ('uiiiinun*),  Tliird  Inlttini  U«'|>4iit,  .Yiiiit'  1{Ul|. 
il)  WiNtin  (\  \V.  iiiiil  Nullnll  i\  .1.  Jr.  wliirlc  iiHtliilily  fin  inrs  (tins  in  '.uinl). 

V,  S-  Army  Tr:iii<*|Mirt:tti«Mi  Si\tli  U«‘|tnr!,  ,1nlv 

10)  ^(«'(^>\vall  It.  I*.  iiitiliirity  f:i**li»r>  W  S.  Aiinv  Trtin-jHir- 

t:ilio!i  Ui'Si'nn'h  t*niiiiii:tii(t,  Nit.  riSO  0,  .Iniinary  I0r»0. 

11)  Vin»*t’nt  K,  T.  «*t  ul.  K.‘-*4*ari  lt  in  imiltiliiy :  iMTritrni'.ux'i*  ^•^l.‘1V^^•‘n•ntH  f«*r  ft'***' 

runniti^  wlut'ls  in  I*niv«*r<tty  »»<“  Mi«*lii)i:i!i  I0*'^i‘nirli  K4*])ni't  no. 

:M  F,  July  1000. 

I'J)  Xakavn  I*.  *'f  ul.  Tli**  iiliysU's  i»f  tin*  pffttiuitinry  :in»l  snrvry.  Jnurn.'il 

nf  thf*  Kui'iilty  Ilf  .'^•i»*n*«*.  tl••kl^tli«l4»  liti|H’fial  riiiviT**ily.  KKtO. 

I.uii;:linur  II.  I..  l>tiii«*iisi<iu:il  iiiialysiN  aii«|  ilivtiry  t»f  iiHiilrl-.  N«‘\v'  Vtvrk,  1051. 

14)  llrkkiT  M.  li.  Tnvi'litm  nt|.|  slippaj;**  *»f  ••»:»ulnr>  anJ  ula**')-*.  SimuMv  nf  Aut<i)nutivi* 

.tuiHi'.iry  Ii».i4, 


])  I  S  V  I'  S  S  I  0  X 

Z.  JA-NOSI.  --  Mr.  (■|tninu:iii.  I  1io|h'  llml  you  ;in‘  u  itli  t)ir  llnllly^i^  \' liirll 

i<  iii'C'iiilttl  iit  Mr.  Xullnir.'.  iiiid  Mr.  Mdiiovairs  )i.\|>cr.  ulla'nvi'i'  ilir  <  niniiuiil.s  1  iiin 
to  iiiiiko  will  iiol  bo  of  tiiuoli  ux"  to  y€»M.  I  am  >urc  llial  mo.st  of  yon  I'.avf- 
initici'd  tlial  tlic  rnilcd  Staliv-i  is  is'ina-sfiili-il  boro  by  llirco  major  y'ldii)is.  A  iminlnT 
of  .<|i('abiT.s  are  assoriatcil  with  tb«-  l.ami  laMomolioii  l.aboialoi y  wliii-li  i.s  .■'U|ii>ortoil 
by  Ibf  Oiilimitco  (.'on>s  of  the  I".  S.  .Vruiy,  ain)lbi'r  ;;ron|*  works  lor  tlu'  .Xrmy 
Mobility  Hoscaicli  Contor.  Corps  of  lanjiiiror.s,  1‘.  S.  .\rmy  mul  sonm  partiripants 
iiro  alliliatial  with  tlm  Tiaii>(K>rlatioii  Kcsvarrh  Commaml,  C.  S.  Ajiiiy. 

It  Hjijx'ar.s  tt\at  tlioro  is  not  nmi-li  in  rmnmon  brtwi'on  mir  appioailn's  l■\^■^•]>t 
that  wr  ayric  in  ulilizinjx  \mtiial  .-oil  pion-l ration  tc-ls,  Cortunatrly,  Imwcvi'i,  tlio.-c 
liU'tinnls  ni'o  nut  n-ally  <li vorrnl,  as  1  iiiloiol  to  iliMimnst  i  nto  in  romii'i  tlon  with  lliP 
liivvimis  prosi'iitat  ions. 

I.i't  Os  n— 111110  tliiit  Ibo  vortii-al  -oil  -Iro-s-.-traiii  i ilat mn-bip  laii  lio  iwpr.'-si'il 
by  Ifokkor's  o<iiintioli  wbiob  i-  ii-i-.l  liy  ibo  l.ami  l,oit<imition  1  .nbniatory.  For  oironlar 
])l;itos  wo  liavi- 

»’  -  ("F  "  "•)  "" 

Or  tisiii;;  the  notation  of  tin*  iintliors  of  tbo  |ia)ior  on  liaml 

i  k,) 

It  was  shown  by  Mr.  Xiiltall  iiinl  Mr.  .McOowna  that  I  bn  ilimnnsiniilnss  niirvo 
roili'i'-ntitinir  tbo  rf!atioii.-bi]i  iH-lwiaii  n/c^  nml  z/I)  i-  imb  pi  inlnnl  of  tl-,n  -i/n  of 
llir  plain  n.-nl  in  flic  Inst. 


—  6 


I  w'oiiKI  like  to  .show  tliiit  tills  iiii|Hii'tiiiil  o1i!>i‘i vnlinii  nmy  be  ve-iilicil  by 
Bi'kker’s  niiinlion. 

lilt nMliK ini;  a  new  variable  f  -■  /./|t  niie  emi  write  llnit 


q  -  1>"  ( 


n 


+  k 


'*) 


I” 


Xiilba*  tbnt  t'  is  tbe  •liiiieiisiwiitess  siiikii.:;e. 

For  llie  rel'iTeiua-  i»Itito  wlm-s-  iliaiiieler  iiiav  l>e  ealk'il  I),  we  liiivt 


<li 


It,"  ( 


>*. 


k.)  1" 


anil  lor  any  oilier  jilate 


Ml 


I'. 


k*)  [■' 


lleinc  e,!  Ilie  elinr.ieleri-iie  raeier  iimiI  by  Mr,  Mrtinwan  anil  Mr.  Nullall, 


eiilUsI  (be  relntiv.'  slnulnral  enbesiioi,  laii  Ik-  ixjire' 
I'orinulii  n.s  tollo'vs: 


by  laeniis  ol'  the  llekker 


I 


Ml 

Ml 


1>,“  k, 
It.*  "  0, 


Now  We  ean  e\|iies. 


Ml 


It.-  +  k.)  1" 


Ml 


lliat - i'  a  lMii«iit*n  «il  I  ouJy,  lor  a  jrivvn  m  i),  il  tme  iiunx-s  In  n>o 


a  n*l\'r<'iiro  jtlntr  ni'  iliaiio  tor  l^i-  Tlii'  » i»iH'hi''ioii  i-'  wvll  ju-tirn'il  l»y  tlio  riiipirital 
curves  ol)l:iiiu'<1  by  ibo  aiitbdr."  Im  ilry  .''iiu>v  uml  >a>al.  'Die  curves  —  liL^utcs  »>  ui 
the  pnptT  —  are  ot  pavabolie  IMetlieUMl  by  ibe  lu>t  ‘HpintioM: 


i’oii'-iaiil  X  f“ 


Kl 


1  lio|M‘  Ibal  liirtbrr  elToi  ts  ill  be  maib*  lu  im  e^llcate  the  po.-s^iliility  oC 
inte«^i at iu^r  l)ie  two  iiu*llio«ls,  wJiirii  uoabl  eliininale  a  ‘^re.il  luiitiuiil  of  work  overlap. 
Thank  you  vrrv  unicli. 
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Analytical  prediction  of  performance 
for  full  size  and  small  scale  model  vehicles 


Previsione  aiialitica  della  prestazione  dei  veicoli 
a  grandczza  normale  ed  a  scala  ridotta 

NVii.I.IAM  Ij.  llMUtlsoN.  -lit. 


ABSTRACT.  -  Thix  (injicr  priu'itts  the  cu/ri'nt  icefniiqurs  in  uxf  by  the  Land 
Locii»u>lion  Laboratory  jor  determining  vehiete  p^'r/orinance  predictions. 

Factors  ivbicti  must  be  considered  in  prailicat  applications  o)  the  equations 
describing  soil-t  chicle  relationships  are  presented. 

The  cu^reiif  tochniqi/f.v  for  determining  uiialgtical  prediction  o/  let’irlc  perfor¬ 
mance  and  the  erperimenlal  einliiaiion  of  eehiele  iierlcisr.anee  are  illustrated  in  the 
eialiiatinn  of  sj.r  t  chicles  of  iehicli  three  are  fiiT  '.-.c  and  tlvce  are  1,  J  scale  models. 

It  is  cicmonstralcd  that  the  eiiuntions  (Ji'.'iniiig  .NoJ-inJncfc  relationships  are  rot 
influenced  bg  scale  factors  and  are  equally  rnhd  Jor  analytically  determining  the 
performance  of  full  .siie  or  scale  model  vehicles. 

Fxperiiiienlal  tests  were  conducted  ond  c.^nijJnrcd  to  the  analytical  prediction*. 
The  results  show  an  aecjrnry  of  predictions  iCiHiin  '.  I'l  per  ernf. 
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li 

n 

1) 

X 
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.1 
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I. 


Key  to  symbols  anil  definitions 

i'liUi'sivc  mii'liiliis  III'  .iiiik;i';c 
rr  I’rii  t'mnnl  iiiihIhIiis  of  Miikiiito  (ll>s/in 

IS  W'lillli  of  ln-i‘l  or  a  HM-iai;^oi:i r  I’oolir;;;  i;nlnw  of  rin-olar  Inniioir 
ii-i'il  in  >oil  ralion  tv'l>  (in). 

■-  KNi'oniiit  of  .-.iiikinrc. 

■r  lUiUinlcr  of  a  ■wliccl  (in). 

(.’iMili'al  nnoli'  IndMicn  iiic  M'liu’al  noli’i'i  ninl  lla*  rioloi.'*  n.-isociatcil  M’iili 

111!’  Mul  loVI'l  ("). 

-■  lloii/oMlnl  voortlinalc  n\i>;  di'lamr  Inlwccn  iiilu'.il  r.ilnis  and  wiuX'I 
I ii’i'iniiti'i',  lir.ri/oolal  liavcl  of  a  I'oinl  on  tlio  ulnil  iH-ririn  tcr  (in). 

^  ^lti^al  ili'lnnro  Inlivii-n  tin'  voiilir  ot  llic  v.liril  ami  an  aitiiU'.iiy  )>oi;'t 
oil  111''  |•^•l'inI^l^•l  I  onlinalc  of  n  iminl  on  tlic  wlni  l  jo  iinu  liT  nu'asiir>'«l 
nliovc  tlu*  root  (in). 

—  Motion  ro'i'laini’  d'lr  to  \<rtonl  riairnin  I'  (lli<). 

■r  i;c'i>la:o  o  line  (o  lioi  izontnl  iho'Iim'  (1',i)  (Hi-). 

Colii'.-iim  (lli>/in-). 
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riirniMj'  iin^ilo  i>f  n  wlm-l  wliiit’  tlu*  of  Ibo  miliiis  moves  from 

Hio  l)iill(iiii  of  (III-  will'd  tw  n  point  «'linmctt*ri7iHl  hv  X  and  Y  (*). 

-o  (•). 

Tlu'i'n-lirnl  spil'd  of  tlir  wlicd  i-iili'ulntnl  fn>m  tlic  radius  and  the 
ItPM  (iii/s«'). 

D/-’  (in). 

("('iitrid  iiiiirlo  ill  wtiii Ii  llic  tniip'iit  of  llip  pnth  vf  a  point  of  the 
jM'iiiiM'tor  is  vortinil  (*). 

/?,-«'  n. 

(!ro>s  tnntive  I'lfnrl,  Irnition,  tlini-d  (ll>s). 

Tliriisl  di'vilopi'il  on  lliiil  part  of  llie  piTiiiiplor  wliirli  lies  Iidwt'cn 

/?,  —  A.  ‘""I  Px  tl•‘‘•■‘'  P^<P,)- 

(iro-is  \ illicit'  wi'idit  (Ills). 
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l)cn''ily  of  soil  (His/in’). 

('oii'tiinls  ilciH'iidciii  on  dll'  ano|<'  of  internal  frirlion  ..nd  aii^lc  of 
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(iloiind  eoiitaet  length  (ill). 


Introduction 

T!ic  sieuilieaiiee  of  neeitrale  analytical  ili  seripi ions  of  iiatiifal  plieiioineiia 
is  often  ii\ iilooUeil  until  one  is  faced  with  a  iMsildein  for  which  no  .such 
discipline  exists.  This  |ia|>ef  docs  not  aim  to  justify  or  i'Xi>ounil  :i  llieint'  of  a 
need  for  an  ati.ily t ical  liasc  for  a  prediel ion  lechniipii'.  However,  for  tin* 
nniiiieiit  cnli-rlaiii  llie  ihotioht  of  the  wi'lter  of  eonfusi-m  anil  eonliielini?  njiiniiiu 
that  lias  suironinleil  Mliiele  design  for  the  past  years.  This  stale  of  eonlustmi 
lias  heeli  stilVered  lieeaUse  of  a  laek  of  a  diseijiline  to  relfite  tile  I’eliavior  of  the 
\ehiele  to  its  en\ ironiiieiit ;  the  soil. 

flinee  llie  mlveiit  of  the  Heliker  soil  value  systeiii  and  a  series  of  relatili!' 
eipialinii.s  ill  Use  by  the  laiinl  Loeoinotion  I.alHiraloiy  *)  ‘  pnalielioiis  of  vehielr 
«ieaetion»  to  various  soil  eonditious  have  been  ainilytieidly  iirodneed  xvitli 
;ieee|itable  aeeuraey.  I■^l|■  the  past  live  yetirs,  nietliod.s  and  tcelmiipu's  of  ainilyin;.' 
the  eqilalimis  of  band  1  .oeoinotion  .Meehaliies  to  llie  piidietion  of  vehicle  per¬ 
forin, illee  h.ive  been  sidijeeti'd  to  eoiitinnon.s  reliueineiit  to  ;iehleee  inerea'ied 

)  Idiiitl  1  .t)«'iiiiin|i»«i»  1  y,  rrU  jumI  Kiij;nit*i.'rnij; 

1  >irrct»»ruh',  Ortlii.'iiivt’  TmhU  Aui’HiHiiivc  Ot  U'Mt,  Michigan, 


—  «so  — 


ncrunu'v.  TIu'  mviinjry  of  nny  aiiiilyliriil  solution  will  ilojicnil  in  ^ciirral  on  a 
lunnlx'r  of  fiu-torH.  However,  even  if  the  (S|iiatiuiix  are  i)eiT<"Ct  in  their  dcs- 
oriptioii  of  a  i)lienomenon.  the  aei-nraey  of  the  s4»lnlions  tli<',v  priiduce  will  only 
1m'  eompanshlc  in  aeeiiraey  to  that  of  the  input  <l:ita.  l'’or  the  j)rol)leni  at  haiul, 
tlio  input  data  ean  la^  in  the  form  <»f  physieal  and  •reonietrie  soil  cliaraeteristies 
and  physieal  <liniaeteiisli«-s  «if  vehieh-s.  This  pa|M  r  is  limited  to  the  physical 
eharaeterislies  of  s«>il  ainl  tlie  whiele  «liniensions  perliniiit  to  predielint;  the 
perf<»nnnnee  of  vehicle.  Iwth  wlns'lisl  and  Irai  ktsl,  oi)eralin<'  in  sun  deforinahle 
soils  or  snow.  Vehicle  peiTorniamv  o\er  hard  humpy  terrain  ref|uirins:  use  of 
econietrie  characteristics  «<r  the  s<»il  sjriicinre  and  additional  vehicle  dimensions 
will  not  1h-  included  in  this  prcs4-tilation. 


Background 

The  term,  «  vehiele  |ierfornian«s‘ >  as  used  thi'in;;rhi>nt  this  paper  will  lie 
l  initi'd  to  a  General  defiiiilhtn  from  wliieh  spi-eilie  perroiinance  criterin  ean  ho 
exti'aeitsl.  Tliis  K'enera!  detiiiitioii  will  1h‘  in  lenns  of  net  traction  or  more 
commonly  c.\iircs>ed  as  «  drnwhar-pnil  ».  Tliis  is  a  measure  of  llic  additional 
thrust' that  a  vehicle  can  develop  in  e.xcess  of  that  which  is  icipiii’ed  for  self- 
luopnlsion.  'I'his  additional  ihrnsl.  or  «  draw hai  -pnil  »  is  mcasiucd  ex))crimcn- 
tally  by  dctcrntininix  the  inaxinititn  towed  load  a  vehiide  can  pull  wliilo  main- 
tainiint  a  co/istant  velocity-slip  coialilioti.  Analvticall.v .  llic  «  drawl>ar-]nill  >  is 
ilcicrininisl  liy  al^'cln'ie  snmination  <if  the  thrust  a  vehiele  can  develop  in  a  civeii 
soil  and  the  resistance  to  motion.  This  relalioiisliip  was  exiui  ssed  in  e(|ualion 
I'vu  in  hy  .Al.  (i.  IJeklvcr  ■ '*  as  follows; 

i>r  n  -  ti) 

where  11  is  the  jrross  traction  devi!o|sd  ami  is  the  summation  of  tin*  various 
r('sistiinee  imposid  upon  the  vehi<de  l>.v  th.e  soil.  'I'he  e(|iialions  tor  II  and  11^ 
propu.-s'd  h.v  ]}ekher  have  since  Inen  imHljlied  *  ■■■'■  and  are  enrreiitly  iitilixed 
in  tile  form  .sluiwn  on  plates  1  and  la. 

The  vierivation  and  exiierimi  iil.il  ventii  at  ion  of  these  eiiua'.ions  utilized 
soil  models.  Aiipliealion  of  tlie.si-  e»in.itious  to  pivu-tiral  solutions  involviit); 
Complete  vehicles,  rather  than  a  single  wheel  or  1 1  :iek  operalinf;  under  iileally 
prepai'cil  v'oiidit ions,  reiiuiiTs  teehiiiijiies  diis’cted  toward  rousiderat ion  of  all 
peitineni  soil  aiuI  veiiiele  ehaiaelerist ies  \vhi>’li  can  atleet  tin*  net  thrust  to  be 
[U'edietisl  hy  use  of  eipiatiou  f-J  to  vlii.  The  ]>erlim  nt  soil  eharaeterist ies  which 
must  he  coiisidiucd  are : 

1)  Vari.-ition  of  soil  values  within  a  sjieeilied  apa;  ’J)  piojier  iulerpretat ion 
of  st re.ss  strain  lun  ves;  d)  the  existence  of  h.irdp.ins  at  shallow  depllis;  4)  eliaiioe 
in  soil  stren-'tli  due  to  ileformation. 

The  inethoil  of  obtaining  soil  values  has  Is'en  (h  serihrd  in  a  in'escntation 
to  this  ^I'onp  h.v  .Mr,  K.  I’avlie.s',  (teneral  .Motors  ('oriv,  Detroit,  AliehiKan. 


n’lic  imijoi’ity  (if  losis  holli  in  l;ilH»rji1<'ry  inxl  lii'lil  coiwlitidiis  rciiiiirc 
ti*clini()nos  for  tli'lt-rinitiin^  ihr  riiii'rr  of  soil  \ nines  Hint  jiroperly  iT[»i-esfiits 
till'  (list rilnit ion  of  soil  si reiij'l Its.  Priiiier  inler|irelniio)i  of  stress-strnin  curves 
ol)tHiiic<l  from  \erli<-!il  lojnl  vs.  ileforinnlion  mul  slienr  sli-ess  vs.  ^liToriiintioi) 
t«'sls  i.s  (jnite  sienifiennt  for  .•leeiirnle  iin-ilietiniis  of  veliii-le  ])<'rforiiiniiee.  The 
load  litnil.s  ii.-ied  to  estnltlish  the  slress-slrnin  loirves  iniisl  eorrespond  to  pressiiit's 
iin|Mis«-(1  on  the  soil  liy  the  vehiele  to  Im-  evaluated.  This  Inter  may  lie  jinrlieiilarly 
si^tiifieanl  for  some  soil  I'unililions  sinee  tests  have  shown  that  in  many  .soils 
and  snow  there  are  two  disiiin|  .sets  of  verlieni  load  |iarameler.s  (k,.,  h#.  n) 
within  |•re.ssnre  limits  of  1-H)  psi. 

The  piessiii-e  limits  are  eipially  important  in  ohlainiiio  the  hori/.niilal  shear- 
tieformalion  paraiin-lm-s  (e.  <l'.  K).  In  niaiiv  soils  hori/oiilal  sIh'.-m-  under  very 
low  normal  ])ressnres  will  not  proilnee  soil  failure  'I'liis  will  result  in  ajijiareiit 
linri/ontal  s'lear  paiameters  of  tlilV«-eent  inapinitndes  than  those  resadtin^j  from 
soil  failure.  Iloweier,  nsnally  hy  measnriiio  Hie  shear  parameters  within  the 
eorrespoiiiliiij;  limits  of  vehiele  ftroniid  pressure,  appropriate  values  will  lie 
ohiained  for  applieation  Ivi  performaiiee  luedictions. 

The  exisleiiee  of  «  liardpans>  at  si, allow  ileplhs  reipiires  additional  annl.vsis. 
It  e.'in  1h‘  delermim'd  from  the  verlieal  lo.id-del'ormatiun  enrves  whethei’  the 
a'ehicle  to  he  evaluated  will  aehievi'  ilotiilioii  in  the  layer  eo\eiino  the  liardpaii 
or  rea<d»  a  limited  sinkaoe  due  to  the  liaedpan.  In  the  latter  ease  the  pro)iertie.s 
of  the  rover  layer  would  1m'  used  to  drtermine  resist anee  while  the  >;riKs  traj'livc 
efl'orl  would  he  determined  from  properties  of  llie  hardpan'. 

The  (piim‘.il;iti\'e  siutiiliisanee  of  the  elian};e  in  .soil  •lines  after  deformation 
liy  lead  wheels  of  midli-;ixle  wheel  vehieles  mid  the  leail  traeks  of  mnlti-uiiit 
tracked  vidiieles  i.s  niikiiown.  t'nrrenl  invest ifjit ions  hy  tlie  Land  l.oconmtioii 
Lahor.itory  and  hy  tioodman  at  Syraeiisc  l  iiiversily  will  determine  whether  the 
rffeei  will  he  siunilie.-inl  eimn}:h  to  warrant  inehision  in  the  determination  of 
Vehiele  performaiiee. 

Tlie  perlineiil  vehiele  eharacleiisi les  wliieli  must  he  considered  an*: 

1)  ( 'oiiveiil ioiial  eh.iraeterisi ies  such  as  wheel  diameter  and  width,  traek 
eolilaet  area,  load  (list rihiit ion,  ete. 

2)  .Nnmlier  of  imwered  wheels  or  track  units. 

d)  Loealion  of  all  wheels  and  tracks  ielali\e  to  each  other. 

4)  l'haii>:e  in  axle  lo.ids  due  to  drawhar  loads. 

.'))  N'ehieh*  trim  attitude. 

0)  'I'raeked  xchieles  •  miiiiher  of  road  wheels  and  sp.aeinp  lietweeii 
roadwheels. 

The  Slim  of  tin*  tractive  forces  developed  li.x'  each  powered  wheel  or  traek 
determines  the  tr.ietive  elTort.  Tin*  total  r(sistanee  will  depend  on  the 

nnmlH'r  of  wheels  or  tracks  followiipj  in  tin*  nits  m.ide  hy  the  lead  wheels. 

The  ehaiipi*  in  load  disirihntion  hetwe\*ii  front  and  rear  axles  of  wheeled 
vehieli*s  ransed  hy  ilie  application  of  drawhar  loads  warr.iiits  eonsiih  ration  when 
prcdictinp  p(*rtormane(*.  The  ehaiipe  in  load  distrihutioii  is  most  sipiiitloant  for 
vehicles  with  relatively  small  wheel-hasi*  diimiision.s. 


rhiin^c  ill  load  distrihiitiuii  is  atso  i|ti'(ti‘  .-ifipan-nt  hy  the  nttitiuln  of  trini 
when  vi'liii'li's  ai'o  innvinp  nvci-  itiud  iii-  ili-ap  stiiiw.  Mctluxls  for  pisslicting  the 
aiiftlo  of  trim  ami  tlu'  ivsiiltiiij;  load  dislrilnitioii,  and  vi-liirh*  poiToriiinncc  is 
dosi'i'ilx'il  in  a  (list  olVoi  t  hy  S.  d.  Weiss  i  t  al. "  and  in  later  field  and  Inlxirutory 
eorrelntion  studies 

In  the  analysis  of  tiaeked  vehicle  pci  loinianee.  the  niiinlx-i-  and  the  spnciiiif 
la-twi-eii  road  wheels  niiist  he  eoiisidereil  for  an  aceiirale  jm-dietion  These 
factors  will  have  a  hearing;  on  tlie  etTeetive  ground  pivssmv  of  the  vehiele.  To 
ealeiilale  the  pel  rormaiiee  of  tracked  vehicles  under  the  nssiiinption  that  the 
•ii'oinid  |>ressmv  is  evenly  disti  ihuted  o\er  the  around  eoiitact  area  will  ealise 
sij;nitieanl  error  for  vehicles  haviiij;  few  and  widely  spaetsl  road  wheels. 
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Tliriv  jlifFcri'iit  tvin-n  i»r  vt'Fii<*I«*s  aiv  umhI  to  <ti-n)onsl rate  tin*  iiu-tliixls  of 
IMvdiction.  Tlicy  are: 

1)  Tiiifkcd  vrliicle  -  t*iiteri»illar  Tniftor  t’o^  ^Iwlel  IM,  full  sj-alc  aiul 
1/4  !«‘nle. 

2)  Wlu>»  !i',l  veliii-lt'  (4  X  4)  Truck,  3/4  ton.  4X4.  .M-43.  full  s<ii!c 
anil  1/  .scale. 

3)  Whts-lisl  rrhiric  (4  X  2)  -  K:i no -Tiactor,  F.XK*.  iI<Mlil  fiOl,  lull  scale 
and  1/4  s<-ale. 

Tlic  c(|Ualions  and  soil  cunslaiits  arc  idi-iitical  iti  stiitciucul  iunl  apflical ioii 
fur  Ijotli  full  scale  and  n'lluccd  s«'ale  lotMlcI  vcliicic.  Then*  an*  no  tliiiicusioiial 
projections  of  llic  n-snlis  of  scale  iihmIcI  |M*rfornianct‘  to  full  .s<*ale  viliicle 
pcrformaino;  liowcvcr,  if  is  n*|M*alcd  that  llic  same  princiide  for  |>ndidioii  and 
tcstiii):  apply  In  kotli.  Tin*  eliaracl»  ri.stics  of  the  vt  liicle  an*  sliuwn  o:i  plalc 
nuiul)or  2. 

The  soils  in  wliicli  tin*  vcliictcs  \v«*iv  cvaluat*sl  (.malytically  and  csinri- 
mcntally)  were  ky  ceiieial  definitioii.  sli.irp  dry  sand,  anil  a  lyjiical  ilicliican 
farm  soil  which  can  he  calc<;ori/cil  as  a  sainly  loam.  The  sandy  loam  was  main¬ 
tained  at  a  nmistiua*  content  of  '20 'i  tliiiiii  size  dlsirilintinn  diagrams 

of  ilur  two  s<dls  ar(*  slmwii  <iu  plates  3  and  4. 

The  soils  ill  which  the  tests  wen*  isniductcd  tux*  l<H*atc(l  in  the  l.and  Loco- 
iiiolion  l.alioiiilur.'  full  seal**  and  setilc  model  soil  bins.  Tin*  larye  soil  Inns,  in 
whieh  ftill  size  vi*liieles  an*  tested,  have  tlimeiisions  i>r  12  fd't  h.v  120  feet  hy 
•I  feet  deep.  The  small  soil  liius  in  wliieh  .seale  nuMlei  vehicles  tire  tested  have 
dinieitsiuMs  of  4.'i  feet  hy  IIO  f<si  hy  fei*t  deep. 

Slatislieal  sainplin;:  teehni<pn*s  were  yp|dii*d  in  olitainiii"  tlie  Beicker  soil 
vjdiie.s,  Tlio  maximum  and  minimum  values  taken  from  tin*  frenueney  disiri- 
liiition  of  eiieh  soil  parameter  (k,,  k*.  n,  «*,  '!’)  wma*  us«<l  in  eomio.itinir  the 
pcrforniaiiri*  pieiiiet ions.  Tlu'se  values  listed  on  plati-s  .5  and  4  i**pi-eseiiled  a 
rantje  eineriii"  appiuxiinately  !>0‘<  of  the  soil  p.iramelers  o<-eiiniiii;  fhioii^liout 
the  test  bins,  l-hie  tield  tests  in  which  no  eoiilnd  over  toe  miiI  eundilion  is 
altemiited  atid  the  seiilter  of  soil  parameters  is  mueh  lai’ocr,  the  rai!;:e  of  .soil 
v.aliii'S  is  .selected  from  the  flianieney  eiuve  to  include  lliosr*  values  williiii  tlie 
SO  pnibahilily  of  oeeiirrenee  points. 

To  deserilie  the  piundiire  for  iiredicliiio  perforiiianee  in  del.iil,  a  eiirve 
Ilf  dravvliar  pull  vs  '  r  vvliei*!  slipiia^e  f*ir  the  h'.Mt'  .^ll>deI  001  I-'arin  Tractor 
ill  dry  sand  will  be  di-tirniiiied.  All  of  flu*  eipiations  of  land  loeoiuolioti  are 
proorainmeil  for  liioli  sp<'eil  eoinputations  on  cleetronie  ili;.’ilal  eonipufer.s, 
allowini'  jriaetical  a|>plieatiiin  of  eipiations  2  to  (1  deseribevl  earlier  iu  tliis  paper. 

Tin*  first  steji  will  be  to  determine  tin*  eliaii*;e  iu  axle  loads  due  to  drawlair- 
piill  fone.s.  This  is  illiisliated  in  plati*  iiumlii*r  .'i.  The  elian}:v*  in  weight  dislri- 
hiitioii  Was  eoininited  under  .static  eoiidilions  altlmu;:h  it  has  l)i*eu  .slii'Wii  hy 
I’ekkor  ‘  and  Jano.si  '  that  the  vertical  n-aetion  occurs  ahead  of  the  eeiilerline 
"lien  dyiiainic  cunditions  e.sist.  The  a|>proximalion  ohtaiued  by  assumiiei  static 
loading  conditions  is  of  snOieieiil  accuracy  beeau.sc*  the  off  set  di~t;iiKc  is  rcla- 
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2)  Kt>sistaiiOK's  )iiv  coinputi-il  for  tlio  s.-mii'  riiiijic  of  wlicrl  IomiU  nsi’d  in 
tlu'  drtonniiiatHm  of  •{foss  ti-.-irtivo  (II).  Thi*  '.I'ld  on  tlip  front  wlicoli 

vWf)  uill  »li'er»-n.sf  with  iiniiiisin<j  jluiwliiii  llorizontiil  iind  vertical  coin- 

poiiriits  of  tlio  motion  resistniice  :iiv  ilelerniini'ii  anil  listed  sejiarately  on  i)latos 
6  and  6a  (Ki  ami  Ifn)  for  appropriatt*  application.  Itolli  components  of  the 
la-sistaiHV  will  In*  omhI  for  the  front  wlu-els  hot  oid\'  the  vertical  comiioiieiit  (Ur) 
is  normally  us***!  for  the  rear  wheel.  Tliis  a.vsiini|il inn  is  imssilde  «lne  to  the  fact 
that  tlu*  rear  wlie»d  ojierates  in  the  rot  made  hv-  tlie  front  wheel  so  that  the 
hori/oiital  n*s5staMee  eoinponent  (U|d  la-eoioes  ncj'lit'ihle.  llowi-ver,  .since  the 


0/0  to  50  so  so  00  TO  oo 


•/.  SL/P'  ( <;.) 

IM.ste  7.  —  I’re'lielcit  ri''uti>  >>7  tnnii  Irm  ior  (  K.MC  .Me. let  tail  i  In  leiva  >teifji  >iniil. 

width  of  the  fmiit  \\lie»'l  in  tliis  e.isi-  is  inoeh  siiialler  Ilian  ll.e  I’ear,  llie  resistanee 
foe  the  rear  wlieel  will  bean  iinUnown  value  beiweeii  b’,,  ami  (U,  1-  K,,).  Wi'  tind 
then,  the  resistance  lor  tlie  I  font  wheel  at  ;i  load  nl  li'JO  llis  is  227  lbs  jier  wheel 
and  2ti|-ddS  lbs  [aa*  wheel  at  a  load  of  1270  IIk  for  the  rear  wheels. 

d)  'file  al.iri  In  iaie  summation  of  tlie  cross  tiaelive  effoii  and  li  e  resistanee 
to  motion  as  e\]iressed  in  ei|ii.iliiin  I  for  e.-u'li  ' !  wheel  slipjiiiee  l>IoHed  ill  tlie 
nin'^e  of  10  to  .'■'0  ' n  will  "ivi-  the  final  curve  of  dra wbar-imll  vs  (r  wheel 
slippage.  rVecoiiliii'ily.  ihi*  uross  Ir.ielive  elVort  for  the  example  will  Ix' 
211  1220  lbs.  and  the  resistanee  will  lx*  2U,  1o  2  iK,  i  It,, I  for  the  le  ir  wheels 

pins  2  (U,  d  Uid  the  front  wheels  uiviiij;  a  total  resistanee  of  !l7l)  to  1  12S  ihs. 
The  re.snltiiio  drawbar  pnil  will  he  ;i2-2 1 1  lbs  al  '  t  slip.  The  total  results  of 
the  predieli'd  pm  formamv  eni  ve  for  the  traelor  on  i1i  y  sand  are  shown  as  a 
band  of  points  on  plate  mimber  T.  The  .same  eeiieral  procedure  is  used  to  predict 
the  peeforiimm-e  of  the  tnieh.  ti,  t  ton  t  X  4.  M  Id  with  tlu'  exception  that  all 
wheels  nix'  powepsl  as  eomji.ired  to  two  wiieelson  the  h'.Mt’  farm  traelor. 

I'apialions  (4),  t-'O  and  (t'O  shown  ..n  plate  iiumher  I  a  were  used  to  predict 


the  pori'onnaiHT  tif  tin*  ('jil«'i'|iilliir  tractor.  It  is  first  (Ictrrniincil  wliotlicr  the 
vrhicli'  will  trav*!  in  a  level  attit\ii1e  or  assinnc  an  anirle  of  tritn  of  sufficient 
decree  ti»  alTt-et  iJn*  results  of  the  )>re(lie1  ions.  If  the  \ehifle  sinkage  is  computed 
to  !k'  luiiior  the  ns«umplion  is  made  that  the  vehicle  will  maintain  a  hn'cl  attitude 
while  in  uuition.  If  the  \fhiele  sinka^fo  is  relatively  liir*;e,  the  evaluation  imi.st 
1)0  nunlo  assiimini;  that  an  angle  t>t  trim  i'xisis  aial  the  ground  pressure  is  non- 
nnifonii  along  ll»e  track  contact  area.  This  reipiires  the  u-.e  of  etpnition  (4)  in 
the  following  form: 
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and  equation  i-'x  for  resistance  iK.)  iHconies 

2  li  k  7...^  "  ' 

II  S  I 


It.. 


(fi) 


In  the  Jierfoi  Mianee  prediction  of  the  Caterpillar  tractor  for  thi'  dry  sand 
ami  .Michigan  farm  stol.  the  sinkage  w.is  coiisiih  red  to  In'  minor  and  eqimtion.s 
(4)  and  (.*»)  wer«'  .ijipried  to  tlie  .sointioiis. 

Tin-  ju'rfono.'ince  iiredietions  for  the  1/4  scale  nioilids  were  computed  ill 
the  same  iimiuier  as  the  full  .scale  vehicles. 


Di.scus.sioa  of  tests 

Kxperimeiital  tests  were  eomluc-lcd  in  the  laboratory  to  verify  the  aiiali  tieal 
j»re<lietious,  date  numher  S  shows  :i  view  of  the  Caterpillar  tr;',etur  model  l)-4 
iu  the  s<nl  liiii  ^siiitaiiiiiig  the  .Mudiigan  larm  soil,  Tim  trarior  is  att;ieheil  to  a 
d vnamoineter  r;i«)  iagi'  which  provides  the  driiwhiir  load.  The  skid  located  behind 
the  ciirriage  provided  aihlitional  dr.iwhar  haul,  liistniuuiils  for  reeoiding  the 
drawbar  Io;id  .iiid  I  litek  slippjige  iire  shown  mounted  on  the  iibitforni  of  the 
dviiiimotiieti-r  ciiiriage,  .\  view  of  the  lo;id  cell  Used  to  liieasiiii'  tlu'  niiignitude 
of  the  dciiwb.ir  lo.al  is  shown  eoliiU'elisl  hetweei;  the  test  \ehiele  and  tile 
dvnaioouieter  e.irriage  in  plate  nuiiihee  1*1. iti'  luiiuher  ID  is  a  view  showing 
the  full  se..!e  tiMelor  in  ilry  s.md  prior  to  a  test  nm.  Plate  nundier  II 

.shows  a  vie'.-  '  hi’  d/4  ton  truck,  M4d  in  the  soil  bin. 


riiito  11.  —  n/4  toil  Iriii'U,  .M  43y  tn  vnumuuH.’tor  rnrria^iP 


DtAU&At  PULLCdp) /M  /C^ LR%  C^AUtAC  PULL(C3P)  W 


I’hifi-  1*.. 


MOtSTuee  ctLLS  — ‘ 
MmK'l  Ivtiii);  fiii'ililv 


IMiilo  Ifi.  1,-4  M-tilo  1*  Me*  I'ariii  (riu'lar  in  lun-lol  hin. 


rinle  17 


I’lnto  18. 


I’lillr  17.  —  1/4  >cnlc  CMcrpillnr  trnrl.ir,  I)-4.  in  ino.lpl  U-jt  bin 
rlul^  IS,  ]/.|  n-nlc  iri.ck,  M  48  in  nioilol  bin. 


Tlip  »lva\vl).ir-i>ull  vs  slip  piinos  of  the  full  s«*alr  vvIiirK's  wrro  obtaiiio*!  by 
iipi)lvi)ip;  a  loihl  to  till'  vvlucli-  till*  <1ynaii)oni«‘t(-r  oaiTiaKe  and  needing 

llu*  R'sviltiii};  wlu'vl  or  tack  slippjijjc.  Kach  l*-st  mil  »-oiilril»utisl  o«C  point  to 
tlio  cmvc.  Till  load  on  ihc  drnabar  was  iiH-is-nscd  until  u  wheel  or  track 
slippage  of  SO  was  altaiiicd.  The  tiicasurcd  curves  of  dr.iwliar  pull  vs  slip  in 


-a .  MKUtGM.  SOtU 


O  S  10  IS  to  Zi  30  i5  40  4S  so  SS  no  A5  TO  75  ao  AS 


‘A  SUP  ftV 


0  5  10  13  ZO  15  50  55  40  45  30  35  oo  03  JO  75  <SO  AS 

•/,  SUP  (L.) 

-  ruin|»\ttv«l  vnrve>.  XXX  M4*JiMir**i| 

IMfttc  —  Tr-I  rrMi1i>  an«I  jTr-lirio*!  «*f  the  1/4  '♦calp  KMi*  farm  tractor 

in  hii't  Mirlii^iin  fnnii 

dry  sand  and  lo.iin  for  the  liill  scale  wliicles  arc  coini>arcd  to  the  jircdictisl 
curies  on  plates  12,  13,  and  l  l.  'I'lic  3/1  ton  truck.  .\143,  was  unable  to  negotiate 
the  dry  saiul.  The  saiUi  is  not  conipactcd  but  rather  in  a  very  loo.sr'  rondition. 
'I'ho  relatively  small  tires  on  the  .M-13  truck  and  the  magnitiule  of  the  load  per 
wheel  were  the  prime  reasoas  for  the  lack  of  snfneieiil  flotation. 

Plate  number  I'l  is  a  sketeli  of  the  iiUMlel  test  facility.  Drawbar-juill  test.s 
of  tlie  1/4  scale  imidels  wiav  eoiulueted  by  atlaebiiig  a  known  loail  to  tbe  voliiele 
by  means  of  tbe  gravity  type  dynamometer  and  ineasuriiiK  the'per  eent  of  wheel 
or  traek  slijipage.  Slippage  was  deteriaiiieil  by  neording  the  iietiial  distance 
traveled  by  the  veiiielo  liy  means  of  a  10  turn  hclioiiot.  .'fimultaiieou.sly,  the 


—  0!)S  — 


ilistnnit'  tmvcii'd  hy  »  poiiil  «m»  the  wheel  or  tniek  eieeiiinfereiici'  of  the  veliielc 
wns  mensun'il  an<l  tlto  sliiiitagi-  <’stii)>liKhe<1.  I’lato  niiin1>oi'  16  slums  lltc  1/4 
wale  FJir  farm  teaetor  un«lery»inj»  a  ili’jiwhar-piill  vs  slip  test  in  Mirtiieni\ 
fami  soil.  The  J/4  sr-nlc  Cateri»illar  tnietor  and  the  1/4  seale  fnu-k,  M43  arc 
shown  in  plates  17  anu  IS  iTsp»tli\«ly.  Tlic  iiioasuretl  ivsulls  of  the  1/4  scale 
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-  fiiiinunril  rurve.s.  XXX  Mcnoiroil  jiainls. 

I’lulc  SO.  —  To^t  resiills  nn.l  (•riMtirlnl  ro  iills  ef  llie  1/4  sinlt'  Caicrpillrtr 
Irni'liir,  1)4,  in  .snml  niiil  Miclii^nn  fiinn  sell. 


model  tests  in  dry  sand  and  Miehijian  farm  .soil  are  shewn  in  comparison  witli  tlic 
predicted  eiirvi-s  in  plates  lit,  20  and  21.  The  1/4  .M-ale  model  truck,  3/4  ton, 
M43  was  nnnhic  to  ncj'otiate  the  dry  .sand  was  tlie  ease  will\  the  full  .scale 
truck,  J143. 


Conclusions 

The  jioriorniance  of  veliiele-s  in  dcfoeinahle  stuls  /-an  he  jiredieted  tlirouaih 
tlie  apj/lication  of  Land  lioomotion  Mechanics  ntili/.ini:  the  Bikkcr  .soil  value 
system.  The  accuracy  of  preilidions  for  vvliiclcs  opcratirifj  in  homocicncous  soil 
conditions  is  accurate  to  within  i  10  ^c. 
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Till-  «*iinviit  ns»tl  by  tho  b;ilul  Lih-oiiioI son  liiilwsnilory  to  dcstiilsc 

!«)il  ix'lntionsliips  do  not  produce  iiny  scule  elTt'ft.  Tlisst  is,  the  c»pintioiis 

nre  e<|iiAlIy  aees]s;it<*  for  prtslictioiis  of  nunhd  pes  l’oiiniiiice  or  pi’odictions  of 
full  s(‘ale  velikdo  perfuinisimv. 
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— — riirvc:*.  XXX  pnints. 

I'lHTr  -1.  — -  rv.'*iills  ikpI  |irr'tM'to<t  t**.'*uils  <»f  tlie  1/4  maIc  truck,  M  43, 

ill  Inriii  ^oU. 


The  use  of  vnli-  inoilels  to  estsihliNli  tin-  oi'der  of  mei  it  of  euiiijx'titive  vcliieU* 
eoiieepts  is  .i  \ aliil  lcelini«pse.  This  method  «)!’  evsilwaiion  elimiimtcs  tlie  lii^h 
cost  in  time  jiiid  money  ;»ssociate<i  with  evsilnation  tests  utilizing  full  scale 
piolotyiK-s. 

Pnieraininiiti^  of  tlic  soil  vehicle  i'elalionsliij)s  for  eomi)utiit ion  hy  itscans  of 
electronic  <'oni]>utcrs  proviihs  the  cjipahility  of  sinalytically  tticdietino  the 
perfovitintiec  of  a  liirpe  iiiiiisher  of  vehicles  at  ait  I'vett  tii’onter  sjivinji  in  time 
;md  money  tiiasi  jiossihlc  nsiii"  iikhIcI  technique.  ^Vit!l  complete  sicccj>iancc  hy 
the  ilesi^'Si  engineer  of  the  an:il\tical  predictions,  the  ti>,e  of  scale  model  testing 
and  full  s<'a1e  ju'ototype  testing  will  Is-  requireil  only  as  a  linal  verification. 

Stnilit-s  etinenlly  in  prognss  hy  the  Land  Locomotion  Laboratory  to  deter¬ 
mine  the  significance  of  Midi  factors  as;  the  change  in  Hckker  soil  >-ahics  when 
the  s*.»il  is  deformal  hy  the  passing  of  a  wheel  or  track;  the  elVect  of  whi\-l  or 
track  .slip])age  on  vehicle  sinkage  and  motion  icsislaiKc;  and  the  effect  of  nudli- 
hiyer  .soils  on  vehicle  pm  fornianee  will  further  iini»ro>  c  the  accuracy  of  vehicle 
iicrfonnanee  in-cdictions  heyoml  the  current  10 
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1)  ttf<kk<*r  M.  Ct.  A  of  pliy>irrtl  nn«l  %  fur 

iliMorinitml ioii  of  Miit  t rn()i<*nl»ilit \  ntol  vcbtclo  pcrfi^rniBiire.  T(iU'r>ervtf‘e  Vehicle 
.!iloliiti1y  Syiii|ui>ium(  Stcvciij*  of  Tci'hiM»h»;:.v,  lluhokrtt^  N'ew  Jenwy, 

April  ]\>55. 

2)  fti'l(k4*r  M.  (1.  A  ]irui’ticnl  outline  of  the  met-lutuir.'*  «>f  aiitouiotive  Tiin*l  I(>ci»iiiotii»a. 

|)i‘trt>it  ArM'tiMl  l.iiiol  l.oeoitiolioii  I.nlHirati»ry,  1|  tninry 

3)  HohKer  M.  (t.  Thoory  of  laiol  lnc«»iiM»t  itUi.  Tiiix  er-^lty  of  Mii  ht^nii  Ann  Arhor, 

Miel  'i^niif  I!fn5. 

4)  <ttifi<*''i  All  aii:i1y>i.H  «»('  i«*  liro  perforiitinuc  in  •leforiiinMo  soils.  Palmer  to 

|m>  |•ro^i‘ntell  q1  the  First  I iit4‘rn:it lotoil  Fonrereiice  on  the  Meehunics  of  Soil* 
S'chlrle  S\sti‘iiis,  'rurin  (llulyl,  l'.**i|, 

ri)  y“*  Itantitiioio  It.  The  .'in.ilyl iral  •Irlorniiiinlioii  of  •!raul>nr  ]iull  n.'^ -n  fiinctl<»n 

of  for  iraekt'il  v*‘hi<le'*  tii  •lefoi mtihU*  soil.-*.  Pt»|'i*r  to  he  presente*!  al  the 

First  IntofiiutioiiHl  Conference  oti  the  Me«'hnnie?i  of  Sdil-Vehicle  Systems,  Tiiria 
(Italy),  Um‘*I. 

G)  K.  A  iiii-thoil  for  the  •teieniuniit  ion  of  I»ii!h!o/in^'  resistaiier. 

l.ov'onoiiioii  Ileptiri  No.  ill,  t>TAC,  ]*i*lroit  Ai'.-enal. 

7)  Favlies  F.  A  m‘W  type  of  fu*hl  uppuniliiN  for  inciisuriti;;  loeoinotiM*  st rcss*>| min 
fi'Inl ioitship  ill  >Mil>.  Paper  to  ho  prosente«l  nt  tlie  h  »r>t  Ir.rcrniit  ioiial  t’onferoiice 
iifi  the  Me<‘haiii«s  of  SoihVeliielo  Systems,  Turin  (Ii.ily>,  P.Hil. 

5)  Ih  testing;  at  fort  Kn4»w,  Ky.  I.uml  Loioiuotinii  I.ulniiHlory  iCejMirl 

No.  31*,  (>TAC,  lUlroit  .Arsonnl,  .luiic  P3.*»X, 

1*)  •*-»  Unrfisoii  \V.  I,.,  Ahnrcn  Ft  P.  C.  nml  Hokker  M.  (J.  PreHininary  slii.ly 

of  .snow  vaIiios  rclfttiO  to  veliieU*  peifoniunice.  'IVchni»'nl  M oiio»riimlniu  M 
pi'troit  Arsciitii,  I.uiol  Poooniotion  l.nhoratory.  Sept enil>i*r 

pt)  /larfi>on  \V.  !.,  Slinly  of  snow  values  relate*!  to  vehicle  |►^•^ft»ralnn('C.  hniol  J.oeo- 
limlidM  Lahoralory  Peport  No.  JU,  OT.\t*,  Petroii  Arsenal.  Iheeinher  ll'.**. 

11)  Iliirr’i''Oi  AV.  L.  an. I  C/ako  T.  f)vef-sip»w  vehicle  perforamure  sfmlies.  I.aiitl  L**eo* 
Ifiutiun  Kahorntorv  Peport  No.  OS,  UT.\C,  Petroit  Arsenal,  NoNciiihcr  IthlO, 
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R,  P.  MCGOWAN,  —  I  uuiilil  likr  (o  mnkc  orir  wliioh  I  hplieve 

Mr.  ll(ini''Oii  ^vill  ;ii;ro<‘  willi,  tin-  jiri  loi  iiuiiuc  of  viliiiUs  in  lliv  vinions  fviK-s 
of  soil  roridil  Inns  is  ni  liuillv  m'iiii  wIiiiI  imiif  i'(>iii|>!i<’n 1 1  il  llicii  fren  I'ljnvsrnli’.l 

ill  111,'.  4’<(ii:ilinii.s,  mill  lliiit  llicn-fnH'  lli.-y  wonl.l  rniniii'  Xi  i  ilirnliuii  ovrr  tin'  nilijje 
of  soil  lyif  '  mol  voliics,  mill  o’vor  llir  loii^te  of  vt-liii  lc  si/.rs  ami  t.' pivs  iilso.  So  thni, 
wliili'  III"  0j>|iio;irli  i.s  an  aunlylical  ajipruarh  vi-i.-ns  llir  .oalo  iiimlc!  a;ii)roiich,  it 
still  will  rri[iiiic  a  vcrilirnl ion  ovrr  it  ttido  raiijiP  of  rniiilitioiis.  Tin;  iirorcilnro, 
llii'irroi#*,  tvliilo  analtli  at,  slill  icunircs  (•iii|iiri.:il  vci'iliratioii.  Wo  like  the  sealo 
iiioilel  (I  jij  I  roil  I’ll  heraii'r  •  r('i|niies  a  niiiiiiiiniii  niulerstaiiiliie,:  of  a  l•^)lll|ll^N  situation 
anil  will  in'oilnee  ii.-efull  re.^iilt.s.  .\lsO  1  mi^lil  mill,  that  it  is  tlie  .-iinie  ronti  that 
has  liei'll  follotveil  in  aerinlynaniies  iiiiil  liyilnMlyiinniie  ficlils.  I  have  n  hrief  (jnestion. 
Hint  Mtr  Harrison  ini^ht  be  able  to  answer,  ahoiit  liis  niethoil.  The  bi'vniiieter,  when 
it  is  liwil  in  limited  tleptlis  of  soil,  docs  the  hevaiaeter  readnl^'  inelude  tlic  tjroniid 
effect  or  not  f 
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W,  h.  HARRISON.  —  I  aKr»-e  with  Mr.  SlrfJownn  that  scale  mcxlel  testing  is 
Art  easy  wiiy  o:;t.  lluwrver.  I  <lo  mit  thiiifc  wv  cnii  nITor*)  to  take  the  easy  way  out 

not  iiiiilcrstninl  the  rfl.iiiniis)ii|i  bclwfi-n  the  .>uil  uixl  the  veliirle.  In  ujtlition, 
we  <lo  nut  n.'e  llic  ;niiilyii<-al  ii|>|iro:i)-h  in  lien  of  the  .scale  ino-let  tcchni<|Qe.  As  1 
slalt'i)  in  niy  wo  r:iii  |ii'c<li<t  .'4'»le  iiHxh't  vciricle  iierfoniinnce  as  well  ns  full 

-scale  vi'hicic  iMTlonniiiice.  In  nn.sucr  to  the  (|iio.'ttinii  cuiicerning  the  beviimctcr,  it 
iloe.s  ohserve  what  yon  refer  to  ii.s  the  ^roiiixl  ellert.  The  rei  tieul  lonil  versus  siiiknge 
enrve  |iioilures  a  stientrlli  |>r«tile  of  the  .*oil,  ami  when  piojsTly  obtained  that  U 
within  the  lan-^e  of  pressures  tlnil  will  W  ajiplieil  to  the  Kroiiiiil  by  the  vcbicle 
wliii-h  yuii  are  iiiteresteil  in  evubiatiin;.  you  may  sua-nrately  detcniiine  what  its 
lierfiirninme  will  he. 

R.  P.  MCGOWAN.  —  I  would  jn.'t  like  to  eoinnient  hrietly  a  hit  further,  that 
it  the  bi'Viiiiieter  iiieaMii'eiiienl  imlinh-T.  in  tlie  measurerneiil  i|nnntilies  others  thnn 
what  lire  in  the  snil,  then  it  tmi  is  a  s.ale  iiiodel  test  of  n  sort.  And  also  I  recall 
—  1  think  it  was  Mr.  Parlies'  |■re>enlatinll  — ,  that  llie  new  ty|w  of  rolling  wheel 
hevanieler  jirodincil  values  tliat  were  Milislanlially  ililTeieiit  thnn  those  )iro«lneed 
liy  the  oriirinal  ninilcl  of  the  hevaiiii-ler,  aiul  this,  of  emirse,  ineinis  that  the  l>eva- 
iiieti-rs  are  aelini;  as  .scale  iiiimIi-I'  nieasiniiig  relative  soil  pruperties  nither  than 
iihsulnie  soil  I'l'upert ies. 

W.  Jj.  HARRISON.  —  1  liiil  nut  inteml  to  •rive  the  iiinlerstandinp  that  the 
bevainetcr  reruriled  values  whi'  li  are  not  in  the  .soil.  .\inl  in  n-fetenee  to  Mr.  Pavlie’s 
jnesenlntiun,  the  uno  parameter  that  he  said  was  dilTerent  front  that  which  you 
ulilaiii  with  the  hcvnmeler  is  the  tnneeiit  inutlnlns,  wliich  merely  determines  the  lueation 
uf  peak  iMiiiil  along  the  liuri/untul  axis  of  the  stress  slniin  enrve,  of  the  shear  stress. 

0.  J.  POWELL  and  J.  L.  SMITH.  —  .Mr.  llarrisun  presents  test  ilal.a  which 
elTei'lively  euntirm  his  |iieilietiun  «s|iiatiuns  fur  the  eonditiuns  of  Ids  te.sl.s.  Sonic 
iliseiissiun  re-rariliiig  the  range  ut  appliralnlity  of  the  ispnitioli  to  vnried  vehicle 
and  .soil  eunditions  seems  jteriiiieni,  liowever.  The  oipiatiuiis  the  Author  tise.s  to 
inediel  whveleil-Vehiele  iH-rlunnanee  were  developed  hy  the  lamd  latvoliiotion  laiho- 
ralury  fur  a  rigid  wlieel  ui-Taliiig  in  a  humogetieuiis  soil.  While  Mr.  llarrison  has 
not  iiieludid  iiituriiiatiun  on  the  iullaliun  pressures  that  were  tiscil  in  his  te.st.s,  it  is 
assiimeil  that  they  were  liigh  enoneh  .so  tliat  tlie  tires  acted  es.sentinlly  as  rigiil  wheels. 

Pr<-dictiiiii  of  diawliar  poll  hy  the  furmuhis  i)ro|)used  hy  Mr.  llarrison  involves 
the  use  nt  a  eumpiited  vidne  tor  niotinn  re.sislanee  due  to  sinkngc  of  the  wheel  into 
the  soil  (K'|s.  1  and  d).  Mr.  Ilnirisim  apparently  has  been  able  to  make  this  eoiiipn- 
lalion  satislaetoiily  fur  the  Miidiigaa  farm  soil  since  hr  shows  piedieleil  drawbar 
pull  curves  fur  test.s  in  this  soil.  A  review  of  Mr.  .Tanosi’s  paper  (No.  d.'t)  reveals 
thill  he  was  unahle  to  determine  reliable  soil  values  fur  the  Miihigan  farm  .soil 
lu'ciiiisc  the  etiiialiiin,  p  k  Zi“,  did  md  dcsi-rilie  the  shape  uf  the  )ieiietratiuii  curve. 
Therefore,  he  did  not  lind  it  (•ossilde  to  predict  motion  iTsistalicc.  Since  Mr.  llarri.soii 
worked  with  the  same  ly|s-  ol  soil  aiul  the  same  soil  vidne  sy.slem,  it  would  bo  of 
interest  to  know  the  ispiatiuii  he  iiseil  to  descrihe  the  Innd  penet ration  curve. 

Ill  the  tests  with  the  :{/4  ton  Innk  and  its  rorresponding  1/4-senle  model,  Iioth 
the  tiill-sir.e  vehicle  and  the  nio<lel  were  immohili/.ed  in  loose  siinil.  It  ivoiitd  be 
interesting  to  .see  the  |>reiliciion  inrxe.s  foe  these  te.sts  even  though  no  test  data 
emild  be  (levelojK'd. 

It  is  noted  that  the  (spiatiniis  proposed  in  thin  paper  have  licen  Ip.sted  exjR'ri- 
mcalnlly  in  loose,  nunphi.-tir  .soils  only  (the  tiiriii  .soil  does  not  contain  Miftieient  fines 
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to  hnvc  n  nicasurnhlo  plnsfu-ity  hy  the  Atlerfterji  Limit  ti-st).  Boforo  they  are  accepted 
for  grneriil  use,  nddttioiinl  tests  should  he  liinde  iu  iioiipinstir  soils  at  <IilTcrcnt 
densities  nnd  plastic  soils  nt  ditTerent  tiensities  and  moisture  eontciits. 

W.  L.  BAJURISON.  —  In  answer  to  the  first  <|iie^tiuii  hy  Messrs.  Powell  nnd 
Smith,  I  used  the  same  »‘<iuatioii  as  Mr.  Janasi  (i»  •“  k  7.^).  The  dilTerence  enn  be 
simply  ex|>laiiied  n.s  i'olluu.s;  Mr.  Jiinoni  tilletl  his  soil  to  n  depth  of  only  4  to 
6  iiU'lics,  while  the  soil  in  uhieh  t  eonduelesl  my  ti'sts  was  tilled  to  n  depth  of 
24  iiu'he.s. 

In  nuswer  to  your  next  (piestioit,  if  you  have  sunir  duulit  as  to  the  iminohili^.nlion 
of  the  -1/4  Ion  tnu-k  iiiul  iiuHlel  in  loose  .saiul,  all  of  the  neeessary  input  dnia  nnd 
the  erpiations  for  prediction  are  ineindisl  in  thi.s  )>;i]ier  .and  you  may  easily  eah-ninte 
the  ]>ort'urmanee  in  i(iU‘stion. 

And  linally.  the  (spiations  used  in  this  ]>a|M‘r  have  already  heen  a<-<-c|>lrd  for 
general  use  hy  the  Laud  l.oeoiiiotion  Ijiltomtory  and  many  others.  Fortunately,  the 
soil  strength  inputs  to  the  ei|nalions  arc  haseil  on  st re.ss-sti-ain  re1ntioi:slii]is  of  soil 
tinder  vertical  and  hori/.ontal  loads  und  are  not  alTiTted  hy  the  ih  linitioii.s  of  jdnsticity 
n.s  d<-linoJ  hy  the  Attciherg  limit  test  or  any  others.  Soil  strioigth  is  incasiircd,  ns 
near  as  jiossihle,  akin  to  the  tr.ode  of  .soil  failure  eaused  hy  a  vehicle  when  traveling 
aeross  the  soil,  .Vuy  etfeets  of  density,  nioistnre  isnileiit,  pla-'iiiity  or  iioiiphisticity 
will  naturally  he  eonlained  in  the  snil  >lrt*s.s..sl rain  relationship. 


Problemes  dc  similitude: 
commentaire  final 

Problemi  di  similitudine:  conclusioni 

•1.  Tki'ki.i.k 


.Ti>  ii'iiiirni  unp  (|(U'I<|IU-n  iimfs  a  ajoiiliT,  a  I'i.s.-ilp  <1c  rrtu-  sc^-imi  i'4iiisj\civ<> 
a  In  Siiaililialo,  latiir  Miiili);iiiT  Ir  travail  Irrs  M'rii'iiN  rcinv 'Ciito  par  !cs  (•oimiiil- 
iiit-iit l<iii^  (HU*  vciiiiiw  irciilriiilu-.  Jr-  |ii-iim-  (iiu-  ci-l  a|)|>iirt  i an 

oxiTlIi-iit  iiulil  ilr>  irr-lit-nlu-,  a  la  ilisint.-iliiai  il(-<  llu'-nrii  ic-iis. 

•Ic  i'r'iaai'()iU'.  |ir)nr  t»-riaiitrr,  itni-  In  pliipart  <U's  luiiatilt-s  ]>i’t-sfeiti‘cs  out  iiii 
i-anH  lr-rr-  l•lu•(»ro  <-ni]iiri<|iit- ;  iii-  iluit  pas  nous  ilia-i-voir,  si  i  i-s  lonmilr-s  soat 

pm-isi'iiu'iil  i-omomu-s  a  IVviM-rii-in-c.  Mais  iions  ilt\oi,s  vii  roinliire  <|iU'  la  lla-oric 
tit*  In  loftiiautioii  Oft  tuns  it-rfaiiis,  t-t  ilo  la  siinililntli-  cii  pailiiiilitr,  t-si  Iris  lom- 
ploxc,  tpit-  «l(*s  t‘ontii*s  iiiatli('iaatti|iit-s  siitisl'nisanli-s  soul  t-m-orc  it  titnivcr,  et  (|ii'il 
n-stf  put'  ftnist'tjuoiil  la'inii-tnip  a  I'airt*  iliins  <cs  t'iiuli-s,  doiil  on  iloit  sotil)uilt’r 
t-n'i-llcs  soifiit  appruroinlit-s. 


The  analytical  determination  of  drawbar  pull 
as  a  function  of  slip  for  tracked  vehicles 
in  deformable  soils 

Determinazione  analitica  dello  sforzo  di  trazione 
alia  barra  dei  veicoli  cingolati  in  funzione 
dello  scorriniento  su  terreni  cedevoli 

Z.  'Ianosi  •  B.  Hanamoto*) 


AGSTRACT.  --  Equations  are  deduced  bv  means  o!  the  Bekker  soil  value  system 
and  a  sc't  shear  stress-strain  relntionsliip.  first  s’i(/gested  in  this  paoer,  to  predict  the 
drawbar  p-jlt  at  track  laying  vehicles  as  a  /u>u.tion  o/  slippage  Test  results  indicnlinff 
reascnablc  accuracy  ol  the  method  ere  presented. 

Conclusions  arc  drawn  concerning  possible  vieans  oj  achieving  improved  tracked 
vehicle  design,  and  the  direction  of  future  research. 


Key  to  synvbols  And  definitions 

Triclmn.  Irnotivc  t'fTort,  Tin*  ixi<>*s  trnclivc  elTi)rt  ilevrloiuil  liy  tlie 

vrliiiU*  (n>s). 

Slip,  slipiuiire.  A  mtio  between  tiiu  tlilYorenec  of  tlic  tin <irrtlei\l  ninl  nelmil 
lunl  llic  lluMTCtieftl  speed, 

Slie;ir  .'tress  in  I  ho  soil  (ib'/in-). 

Maximum  shear  stress  in  tlio  .soil  (Ibs/in-). 
rohesiim  (Ihs/iu’t. 

i’ressiiro  iionnal  to  llie  sheai -plniie  ^Ihs/in*). 

Maxiniuin  noijniil  pressure  under  a  Ir.iek  whieli  ocoui-s  at  Z,  .sinkngc 
( Ibs,/'i'l-). 

Am;!e  of  shear  rosistaiiec,  the  lumlo  of  internal  frietion  (Pej^rcos). 

\  eiiieie-rjroiind  intoifnee,  ^roiaid  ennlnet  nren  (iri‘). 
laiad  (lbs). 

•'lippntrc-  eoelVieieiit  (in~’). 

Slippajro  eoenieioilt. 

Maxiniuin  value  of  terms  inehidf-d  in  the  brnekets  in  r4|uatioti  3, 
llori/oiital  ilislaiieo  helweni  an  arbitrarily  rhuseii  point  on  the  ti-nek  and 
the  leadiiij;  jioinl  of  tlic  interface  (in). 
lx'ii”ih  of  till'  t  raek  (in). 

Soil  (lefoilnation  in  the  borizontal  direction  (in). 

Pr  iDninition  modulus  of  n  soil  shear  btress-strain  eurve  (in). 

*)  LbihI  r,o;;iiimiliiiii  l.idjonitory  I'.  S.  Army  t)rdni\nce  Tank  .\utiiiiiulive  Ooininnnd, 
lletroit,  Mirli.;^:in. 


II 

»«  = 
s 


1'  2 

l'ni»»  ~ 

d*  = 

A 

W  = 
K,  = 

Ki  - 

^  niRi  " 


1 

.i  - 

K  = 


OR  — 


b 

h 

DP  = 


R  - 
Z  = 
Zo  = 


n 

111 


J 

T 

r„ 

r  ~ 

.1  K 

il  <l'  = 

'''him 


\Vi<IDi  of  one  truck  (in). 

IIei};lith  of  prousers  (in). 

Drinvbnr  imll,  net  Inictivr  elTort.  The  Ihnist  leHHOned  by  the  'notion 
lesiMtHiicc  (lbs).. 

Motion  resistance  (lbs). 

Sinkuirc  at  u  (mint  <loflnC4)  by  x  (in). 

Ma.xiinnni  .sinka^e  of  ii  track,  sinkagc  nt  the  einl  of  the  interface  (in), 
('ohosivc  niuclulns  of  sinkago  (Ihs/in***)- 
Krictlmi.if  inialnliis  of  sinkagc  (ll)s/in  ■  *  *). 

Kxponent  of  sinkatre. 

KniniH'r  of  terms  con.-.iilorc<l  in  the  series  in  ciiiintion  20. 

Tnetion  c\|)oiienl,  abbreviation  for  - . 

M 

Tori|nc  neeilcil  to  tarn  the  slicai heuii  rf  the  bovanieter  (in  Ib.s). 

Insiile  railiiis  of  the  sliearlieinl  (anniihis)  (in). 

Oiitsiile  lailiiis  of  the  shi'arhcail  (niinnias)  (in). 

Itaitia...  ol'  .'.luailicail  as.socintcil  with  il  K  (in). 

Kleaiciital  area  r  ilr  <1(-)  (in-). 

Anglo  at  coaler  of  aaanins  associated  with  ■)  A. 

Arit  liaiel  ieal  averagi-  of  laeasared  Js,,.,,  valaes  (|»si). 

Kegi  esslon  eoethefeat. 

ritlmicl ieal  average  of  a|>)>lied  p  valaes  (psi). 

Nnniiiers  of  S,„„  anil  p  valaes  coiisiilercd  in  the  regression  unalysis. 


1)  Brvckground.  —  .Miekli linvaite  '  was  the  first  to  altetiijd  to  relate 
soil  slieaiiiig  steotigtlt  as  used  in  soil  niechanies  to  deteriiiino  the  tiviiilable 
theust  I'of  a  given  soil.  Starling  with  t’onloinbs  wrll  known  »H|Uiition  ’ 

R...M  -  e  T  ptaa<l>  (1) 

ho  imilliplied  ImiiIi  sides  by  the  ground  euntiiet  atva 

11.1...  -  ■'  =  ‘  A  -K  pA  lan'h 

For  nniforiu  normal  prrssnre  distribnl ion  tlir  reiationship  helwovii  w 'ight 
;nid  pies.stiro  is:  W  =■■  ji  .\.  Tims  .Mieklelliwait  s  e<iii;ttio:;  took  the  fol¬ 
lowing  form  ; 

H.„m  ‘-A  -I-  Wlaa-t*  (-2) 

Ib'kker^  suggested  a  ni'iie  geiieial  eipi.itiim  wliieh  has  Ihs'ii  si:eee:i>fully 
used  hy  the  I-and  I.oeoinolioii  l.alioialory  to  jireiliel  Iraek  laying  \ehiele 
licrforinanee  iu  snow  *.  Bekker  made  use  of  the  faet  th:>t  the  form  of  soil 
shear  stress-strain  curves  are  similar  to  the  shape  of  the  displai-einent-n.iturid 
fretiueiiey  di.igrani  of  an  .uieriodie  danipisl  vibration  *  (sih>  fig.  1). 

By  replaeing  the  tlaniping  eonstant  ainl  the  spiing  oonstant  by  ajipropriatc 
soil  (laraiiieters  ho  .-'rrived  at  the  following  eiptatioit: 

e  r  p  Ian  d'  <— K,  +  I  k:,  —  I)  K,  l„  »  (.  K,  -  I  h',  i  -  It  K,  i„  j 
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Tlw*  shonr  stress  can  be  inlej{nttc<l  alonji  the  traek-soil  interfaee.  For  constant 
noriuni  prt's.sur»>  (listrilii'.tioii,  Bckker  tlciivcd  the  l'ollo\vinii  c<juation. 

« 

2ll»(c+  |>tiin  4*)  1  i.  <—•'=+  1  K5,-- I )  K,  lot 

II  = - - - L  r - +  - - - - -  - 

K.i.Y_J  -  K,  +  I  -  »  -  K,  +  V  -  1 

1  ^  «  K,  ^  )  srr riTK.  i, 

—  K..  --  I  —  f  -  K,  —  I  —  1  ^ 


I’or  more  coioplicatei]  pressure  <1islrilnilii>n,  eeuinel rieal  solutions  havi'  been 
iipplied'^.  It  has  hnu  fooiul  at  llu*  l.aiul  !.ocoiiiot’'>n  laihoratory  tliat  in  tlic 
nuijorily  ot‘  tin*  eases  tlie  soil  does  not  exhibit  n  hump  ami  a  decay  in  the 
shear  stress-strain  eurvt  (lieure  ’J).  Thus  it  is  sehlom  jieeessary  to  use  an 
involved  e<|Ualion  such  as  equation  d.  Also,  it  has  been  dlflicult  to  establish 
the  iniinerical  vabie  of  K;  rvbeii  tlie  eurve  <loes  not  ilroji  aftei’  reaching  its 
inaxiniuin.  Tliest-  obscrvaliuns  lead  ilie  autlioi-s  to  su^'^cst  the  following  simpler 
e(piation  to  dc.s<'ri1)e  s«>il  sliear  stress  strain  curves  of  the  type  shown  in  figure  2: 

S  --  (c  +  pliiii'l')  tl  —  c"!'*')  (5) 

Note  that  foi-  ver\  larne  «leforntation  oquntion  approaches  ('ouloiuh’s  formula: 

(S  —  e  -f-  pltin4>)  as  j  —  =o 


•/ 


Deformation  j  lin) 

—  Kvitlunnoii  of  €  K  >  frnin  a  I  %  picul  soil  .“hcur  curve. 


UifTork'iuititin^  both  sides  of  e<|iiiitii)ii  .'>  niui  sottinj;  j  equal  to  zero  the 
following  is  ohtaimsl ; 


^  (I  j  ^ 


<•  +  j>  Ihu  'I> 


Kkjtiiitioii  6  represk'iits  the  slope  of  tlie  tangent  di'invn  at  the  origin  (figure  3), 
tlierefore  K  may  be  obtained  fitmi  tlic  experimental  sliear  stress-strain  curve 
as  the  distance  iK’tween  the  intercept  of  the  tangent  dniwn  at  the  origin 


iiIhI  tlic  line  given  by  s  =  e  +  p  tun  *I>  and  the  s  axU.  K  is  called  the 
(lefoinuition  inodvilus  of  a  soil  sliouf  stress-strain  curve. 


11)  Discussion  of  the  theory.  —  The  total  tractive  effort  exhibited  by 
fi  track  is  ubtiiined  by  integrating  the  shear  str««  along  the  ground  contact 
ill’Oji.  Tims  from  oiiuation  iissuiniiig  euiistunt  width  (b): 

H  =  21>  /  (c  +  t>tun<l>)  (1— e-  1/K)  Jx  (7) 

Tlierc  are  two  variables  other  than  x  in  the  integrand:  p  and  j.  Hence 
(•(Illation  7  eiin  only  be  evaluated  if  the  fuiietion  p  ="  p  (x)  and  j  =  j  (x) 
(ll'c  known. 


A)  Uniform  normal  stress  distribntion 

1)  Traction.  —  The  ease  of  iiniforni  pressure  distrilmlion,  p  =  constant. 
Is  eonsiilered  first.  The  soil  (lefori«i(tion  under  a  Ir.nck  is  proportional  to 
till'  distaiiee  of  the  .•wiil  imrtiele  from  the  front  end  of  the  soil-veliicle  intcr- 
t'liee  (x).  The  fnclor  of  proitortionalilv  is  definctl  as  slip  (U). 

Thus : 

j  = 

Jleiicc  erpiiition  7  may  be  rewritten  in  the  following  form: 

,  -riiL- 

11  2 1»  tc  +  u  lull 'I*)  /  (1 — e  )  il  .N  iS) 

O 

The  integration  yieUi.-c 


11  =  2  li  +  p  tall 'VJ  p  i-  - (e 

Tsiiig  tlie  following  notations; 

A  ^  2bl,  W  -  pA  and  J 


K  -D]  (9) 


U 

K 


('(|imtion  9  lK>eomes: 

1 

II  =  tAe  +  tVtaiidi)  [I - (l--e  J)]  tlO) 

J 

Thus  Micklethwait's  solution  (eiiuatiou  2)  always  yeld.s  too  high  values 
rxeept  I'or  iiifiiiile  lejigtli.  However  the  error  ooimnitted  will  be  insignificant 
If  .1  IS  a  largi.'  numia'r. 


—  i 


2)  Effect  of  grousers.  —  In  ens**  a  trat-k  is  oquippttl  .vith  grousers  the 
mnNinunu  tlinist  is  .'•oincwhat  liigluT  llinii  that  prmlictw'i  by  c<]Uution  10. 
Tlio  iuUlitioiiiil  tlirnst  may  bt'  raK-uliitn!  by  Mif-an.s  of  an  '.Miuiilion  establislicd 
by  Bekkor’.  Arrordingly  *H|iiatioii  2  Usouk's: 

•ill  I  h  h 

II  —  .V  0  T - ^  +  tv  Inii'h  I  I  T  O.M  - t\A  '  ^ - 

Tims  a  nl'.iU'd  form  of  wiiiatioii  10  may  In*  rstalili.-'hi’d  ns  sliuwn  below: 


tv  Inn  *1*  1 1 


(11) 


It  h;is  Ihi‘11  assiiiiu’tl  iliat  the  slujir  stress  may  Is'  expii-s.scil  with  the  .same 
lelatioii'  diip  ill  liotli  vertii-al  and  liori/oiital  i>IaiH-s. 

Drawbar  pull.  —  In  onbi  to  nlttaio  the  iliawlmr  pull  one  lins  to 
siilistract  llie  motion  resislanee  lioin  ibe  liaetion : 


DP  --  U  —  R 


(12) 


The  total  resistaiuv  eoiisists  of  several  faniMiiniits.  Only  the  resistanec 
due  to  .soil  (oiiipaetiiiii  is  eoiisiileiisl  here  lM-e;nise  its  iiingliitiido  is  doiniiiating 
in  most  eases. 

Aecoi  iliiig  to  Ih  kker '  the  eom]iaetion  resislaiice  may  Im  i‘.\pre.s.sed 
as  follows; 


where 


k..  T  Ilk* 

He  -  2 - ♦  • 

II  +  1 


(Kl) 


y-.. 


tv 


b*) 


(14) 


It  should  he  empliasized  that  a  relationsliip  whieli  would  eiialile  one  to  eonsider 
the  siiikage  as  a  I'liitelioii  of  slij^p.-ige  is  laekiiig  as  yet.  Kipialion  13  and  14 
are  acenrate  for  small  slippages  only. 


Ill  Linear  sinkage 

1)  Tra<:t,ion.  —  If  the  .sinkage  is  linearly  pioportioiial  with  x  tl\e  sohitiuil 
is  s<)iiie’.vliat  more  iiivoUed.  The  vi-rtieal  pressine  under  a  footing  as  a  funetion 
of  the  .sinl;.igi'  may  he  expressed  hy  an  e(|U:itioii  first  inirothu-ed  hy  Bokker '. 
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From  figure  4 


-  •=.)  z- 


Z  =  7^- 


U.Hing  fmiwliiuw  I-"*  and  16,  iqiuitiuu  !>  now  Ikhoiucs^ 
S  ^  x«laii<|.]  (^1  — 


—  'u  « 

€ 


(15) 


(10) 


llV) 


iiiid 


*  k  -*  * 

11  =  2  l»  ||^4-  +  ^— — -rk*)  .\*laii*l‘J  — f  f  tl  i)\' 


l''(|itntioii  IS  r(.'<llli'‘'^  tu  (ho  following  fni'in: 


n  -•  A  I  *-•  n - —  (1  —  0- -'(I  +  r - 

I  ■*  ■*  ‘■11  +  1 

1  f  ulaJL.  I 

•«']  j 


(10) 


k,  ■  . 

llcro  i)„„,  =  (  Y"  ■*■  "•)  •'"‘1  is  Ki'vn  liy  (iiiiiiiion  25. 

TIio  inti'(iiiil  ill  llio  lii.ll  U-nii  onii  only  U*  solvid  in  it  vlosi’d  inrm  if  n 
ii  ill!  inl(‘t;»‘i'.  Siiniorioiil  Milutions  |>rcs4-nlii)  in  i)>is  pnpor  luivc  born  ubtiiinod 
by  nu'inis  of  n  |)(il:ili‘'in  201  HIci-t roiiir  (’nni|iutor. 

Will'll  II  diyiliil  rom|nit«T  U  not  iivnilnbb-  tin*  solution  niny  lx*  obtnined 
by  iiu’iiiis  of  |tinvi'r  M-rit-s.  It  imh  In-  sbown  Unit  tliis  nutliod  yields  tlio 
follllwillU  I'lllllltlplll  ! 

I  V's  J'"  ( — 1)"“'  1 

11  =  A  oil - —  (1— e-J)l  +  tnn«l>  ^ - -1  I 

■*  m!  till  +  n  +  1)  ■*  ) 

lU  =3  1 

(20) 

Since  the  MIIiiIht  of  (emis  rei|iiirtil  in  the  serie.s  iiuiy  be  «|uite  largo, 
a  sini|iler  iijipi'otiiniiitive  suUtiion  Is  now  ni'»*>«'iitod. 

i«  .  .  . 

If - is  (|ol  It  very  .small  niiniiMT  and  1  is  a  large  iniiiiber  the  following 

K 


aiUno.siniiitioii  Iiiii.n'  Ik*  ii|i|i1ux1: 

I 


/  \*c  K 


J  x-e 


a  X 


Tlic  riKht  hand  side  can  Ik'  rewritten  as: 


The  integrand  Is  tiie  so  culled  fnnrttoii  ’  of  ii  +  1. 

Thus: 


.).e  K  .i(— )  = 


r  (>i  + 1) 


( — )“*' 


It  Is  known  that :  1’  (n  +1)  =  n  ! 

Thus  when  Using  (s|nntiuM  21  tlie  total  tractive  effort  becomes: 


H  =  A  jc  [I  -  U-c-  ')]  +  ..^tauU>  t>->) 


2)  Qrooser  effect,  —  The  effect  of  gmuxTs  may  he  incindeil  again.  The 
sulutiuii  is  then  (see  ts|unlion  19). 


II  =  A  j  c  (1 


21i  1 

[1-  —  U-e-^)]  + 


li  h  1 

l>.„tnn»J>  [\  +  O.Ot  ( -  cot-* - )]  [ 


n  +  1 


/<•«  “  "’■]  ) 

Q 

and  the  a|iiiru.\iiiiate  solution  is: 


(23) 


11  .  Aj.(l  +  + 


1 

T 


h  b  1  n  !  I 

p„^tan<t»  ri  +  0.04  ( -  tot"*  - f - 1  I 

^  li  b  '  J  «•  I.  +  1  +  1  J  I 


(24) 
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lending  sysfoni  wns  a  pr.ivity  ttynnniuiiH-trr  ififnire  5).  Tlie  driw  shaft  of 
the  modi']  was  fitted  with  a  liexapoii  niit  to  trip  a  ancm-switeh  which  actuated 
n  counter  rcsidtiiiB  in  a  tran*  on  the  nstirdiittj  paper  of  a  Bmsh  n-eorder. 
This  cnal)K‘d  one  to  eomputo  the  tlieun-tii-al  distaiu-e  covered  by  the  vehicle. 
A  potentiometer  I'onneeletl  to  the  load  dynaiiioineter  pulley  measurcil  the  actual 
distaiieo  traveled. 


1 

..  J 


>  _  M  in  !c>l  'vitli  «lv»uin*'iii<'tt*r. 


Model  •’  It  »  wei^'lieil  Iti’J  llw  .iiid  its  Hacks  had  1  he  diiiieiisions  17.1  X  2.375; 
-Model  «  B  »  weifrl’.ed  1112  lbs  and  had  Iraeks  with  the  dimension  17.1  X  1.375 
inches.  The  lu'ij.dit  of  the  urotisees  was  •”>,  3'2''  for  lh)tli  nimlcls. 

h)  Test  —  1)  'I’he  soil  was  proees-sed  by  ;i  rotaiy  tiller  and 

cither  rolled  with  a  lawn  roller  or  tamped  with  an  air  U'lnper  depending 
upon  tile  moist  11 1'e  of  the  soil. 

2)  Bevanielor  soil  iiieasureiiieiits weiv  taken  at  random  locations 
throughout  the  length  oi  the  .soil  bin.  Two  sets  of  load-siukage  and  .shear 
.stres-s-.straiii  nieasureiiieiit.s  were  taken. 
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Each  rollowint;  run  wjis  coinjilrtrtl  with  one  of  the  loads  within  the  established 
rangi*.  Tims  tin-  entire  siip  liinge  was  covensl  with  at  least  4  difTerent  loads, 
oaeh  repeattMl  :l  times. 

c)  Kviihinlion  uf  Itxt  tiala.  —  It  was  realized  that  the  problem  of 
ktvping  the  soil  emisisteiit  for  e.ieli  set  of  runs  would  have  been  difficult. 
The  moLsturi'  eonteiit  samples  iiidie.-iled  that  there  were  differen'ces  along  the 


Fig.  10.  —  muI  uica?*uro'  PP/AV  vultie.s  hs  n  function  of  ^lip  fi»r 

luuilvl  <  II  >  ill  fiirin  :jnil  uf  AlC  = 


length  of  the  bin  for  any  one  run.  To  eneompass  the  j)erforin.uife  of  the 
models  within  the  soil  variations,  each  set  of  sliear  curves  was  aitnlyzcd 
si'parately.  A  linear  regression  analysis  was  performed  with  each  set  of  data 
The  straight  line  of  (’onlomh’s  shear  stress  o«iuation  for  the  four  sets  of  data 
taken,  were  iilolted  and  the  iiiaxinuuu  and  minimum  shear  stress  at  the 
ground  pressure  of  the  nunlel  were  eletermiued.  The  corresponding  c  and  <I> 
values  were  used  to  determine  the  maximum  and  minimum  drawliar  pull 
predictions.  Tims  instead  of  predieling  a  single  drawbar  pnll  vs.  sinkage  curve, 
a  «  band  »  was  established.  The  predicted  ami  measured  values  are  presented 
in  figures  6-10.  A  sample  of  the  coiiiputalions  is  ])resented  in  the  appendix. 

IV)  Conclofdor  '  —  1)  ,'t  is  bi-lioved  that  correlation  of  tested  data 
obtained  by  tiic  tin  .  presented  di  inonstrates  the  usefulness  of  an  analysis 
based  on  emiiirieal  soil  stress-.strain  relationships-. 


1.7 


FiR.  n.  —  I’rvil'u'lt’il  aihl  nicusiire.!  1>1V"’  'aluc.«  s.h  a  fuuctiua  of  slip  for 
imi'lcl  «H»  in  farm  soil  of  WC  =  »1.3 


FiR.  12.  —  Preilicleil  nml  nien<nireil  I)P/\V  vnliiw  os  s  fnnclion  of  slip  for 
uioilel  « 1)  >  in  farm  Miil  of  WC  ~  21.3 


Prctlictcil  AH'f  1>I’/NV  v;i1uC:<  n:«  a  funcMun  of 

><]}>  iu  i'^nn  M»il  of  \V4'  113,3 't. 
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2)  Tlio  t'«jii«tions  jui's«niti‘cl  mv  iU*cMnato  if  the  road  wheels  arc  close  to 
onch  other,  thus  for'uiuji  a  « solid  fm»tinR».  In  case  of  excessive  track  slack 
nntl  more  involved  pussure  distrihulion,  a  Keometrie  method  to  describe  truck 
behavior  stsons  to  Is*  the  most  iiruinising. 

3)  Further  resi-arch  is  iiecdcsl  to  cstahlisli  tlie  sinkaRO  -  .sliijpage 
relationsliip. 

4)  All  additional  eonclnsion  basi'd  on  an  iinnlysis  of  the  equations 
deriveil  is  that  for  a  given  grouiid  contact  >  ■•ea  (or  mean  gi'ound  pressure) 
the  longer  and  narrower  track  is  advantageous.  Since,  howiver,  a  too  long 
track  eneountei-s  difTicullies  in  steering,  the  concciit  of  articulated  vehicle 
nrisos  ns  a  jiossihlo  avenue  toward  the  iniproveiuenl  of  present  design  trends, 
as  first  eiiiph}isiz<*d  hy  Hckker  **. 
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APPENDIX 

On  27  June  T.UiO  the  rollowiiio  .^  n,  nioisturr  diitii  were  nicasiinj  nt  three  dilTerciit 
liH-ntiuns  in  tlic  Icsl  hiii. 


T.Mii.t.  1.. —  Sail  tiiiiisliirc  fliitii  III  K ;  30  .l..t/. 


North  *Dil 

Mlddl* 

Sonth  «nd 

YVeight  of  sample  (gr.) 

H>7.2 

lit  1,3 

119.8 

AVeiglit  of  dry  suit  sample  (gr.) 

SH.7 

197.9 

9S.2 

Weight  of  water  (gr.) 

1S..Y 

•J-t.lt 

21.0 

Water  coiiicnj  'f 

•JU.sv 

•21.S7 

20.99 

I 

1 

i 

1 

f 

i 

I 

I 

! 

4 

t 


I 

f 

i 

i 


I 


• 


*-  •-  s.  •  <.• 


I 


—  724  — 


llorc  llic  water  <-ontcM(  ix  llie  following : 


Weight  of  water 


Walter  c^mtofif 

— 

— - ^ -  100 

Weight 

of  dry  soil  sample 

Taui.k  2.  — ’ 

■  Soil  mniMurr 

ildia  at  3 :30 

North  OQd 

luddl* 

Soath  oo4 

Weight 

loj.n 

131.0 

i»f  flrv*  Mill  sniiijilc 

W.7 

loi.a 

107.1 

AVeijiht 

of  water  (i;r.) 

17.3 

•J2.« 

•J.1.9 

Water  ^ 

cuuieut  % 

:.'n.42 

22J2 

Tlie  iiinllieiiiiilhal  nveriige  oi  ilie  >i.\  wilier  content  ilnta  is  21.3%. 

i-'hiiir  l4‘sl  triihtnliuii ; 

llate;  27  June  IDtiO. 

Soil;  .Mieliignn  liirio  soil. 

Wntci  coiileni :  21.3. 

Shear  leas  were  jieil'ornteil  hy  lacnn.s  of  :i  hevanicter The  following  e<|URtioa;> 
were  ii.s<‘il  to  evnlimle  the  .shear  sir»*s.s: 


r  ilT  S/  J  rilK  -  S  /  J  r-ilriK-} 

Tj  «  ri  e 


1  leiuT : 


2  7t  (r„'  — r,') 

.since,  for  the  aiinnlns  tis’il  the  .linicM-ions  were:  r^  =  3.50  in  iiiul  ri  =  2.7.5  in 
(yiehling  an  area  of  1"  —  14,72  in') 

S  -  0.021.‘)ST 

'file  uiiloailed  >licarheml  wcighdl  “  13..>  Ihs. 

l^innir  tnuififsis, 

111  onler  to  ■Icteriiiine  the  l«~l  fitting  slr.-sight  line  for  =  f  (p)  (sco 

o<|iiatiun  1)  to  the  incasnreil  .slnur  strcs.s  ilata  the  lollowing  e<iuntion  wa.s  nse<l : 


I  =  y'(l>— 1') 

'■  II  S 

i  V  - : - 


I 


Taale  X  —  Shear  text  itnto. 


Load  apptUd 

rr«Hora 

btaaaimd 

Haa.  abaar 

Pafanaatlaa 

Locatloa 

ou  abaarbaid 

p  =  W  +  W^ 

tomaa  T 

sUeu  5.—. 

■Bodnlaa  K 

as4  Um 

W  (Ibi) 

(p«l> 

tlaJha.! 

tpat) 

<t«) 

South  half  of 

21.5 

1.4« 

tS3 

1.3  ft 

U.3« 

bin  at 

2tl.5 

2.00 

8T 

1.8ft 

0.29 

S.-.10  A.M. 

,17..5 

2.54 

lt3 

2.44 

0.51 

45.5 

3.09 

12« 

2.72 

025ft 

5.3.5 

3.<i3 

14.8 

3.19 

0.42 

Nortli  half  of 

21.3 

l.4rt 

73 

158 

0.22 

bin  St 

20.5 

2.00 

92 

1.99 

0.29 

8:30  A.M. 

:t7.5 

2..54 

113 

2.44 

0.42 

45.5 

3.0O 

137 

2.96 

0.31 

53.5 

3.03 

1.55 

334 

0.22 

South  half  of 

21.5 

1.40 

(>3 

1250 

0.33 

bin  at 

20.5 

2.00 

83 

I.T9 

0.29 

3:00  I'.M. 

37.5 

2.54 

1113 

*>  o.> 

0.31 

4.5  .5 

3.09 

122 

2.r>3 

025.3 

•1:1.5 

3.03 

150 

3.24 

0J3 

Iforih  half  of 

21.5 

1.4lt 

C8 

1.47 

0J6 

bin  at 

211.5 

2.00 

82 

1.80 

3;l>0  I'.M. 

37.5 

2.54 

107 

2251 

0.33 

45  5 

3.0i> 

129 

2.7.8 

0.36 

53,5 

3.03 

1.53 

3.30 

0251 

K  WHA  .lol<  nniiic<l  I'ruin  tlio  slii-ar-.-.! stniiii  «»rvc  S  (soi*  lijr.  :<). 


Fijr.irw  17  niul  IS  wore  oMniiic.l  u>inp  mul  vnlues  ns  lislctl  in  Tnblc  3  and 

iqiintiuii  27.  ... 

The  nvt  muo  groiiiul  jin^Mirc  for  model  €  H  »  svas  2.40  j>si  tor  wliirh  Ihe  sniallctrt 
vnliie  wns  2.1  i>.si  niul  Il.c  Inr-osl  S.„,  wn.>  2.33  (see  fipin-s  17  aiid  IS). 

The  fiirrespundini:  e  and  4>  values  n.s  deieiiiiiiied  frmii  fit;iirc  17  and  Id  were 
c  =  0.0025  p.si,  ‘h  tall"  '  0.S47  (rad)  imd  e  -  O.IhVl  'h  -  '»u  ’  O.S27^(rnd) 

raspeetively.  (Note  that  Ihi  luiniinum  S„„.  is  imt  iictcsMinly  a-'sininteU  wilii  the 
ininiiiuim  e  or  d’  vnlius). 

These  e  and  'l>  values  were  u-^eil  in  enuatiuii  2:1  to  ohlniii  the  ujiptT  and  lower 

drnwlmr  pull  vs  slip  eur\es  in  linures  0-10. 

For  the  evnluati'ui  K  was  assumed  to  he  0.;10  (in)  whieh  eoiTesi>ouds  to  the 

avi'rajte  ^r<alnd  pressure  ot  naulel  «  II »  (sec  Table  3). 

In  order  to  compute 

I'n.«  “  ^ 

and  R,  (eriuation  2(>),  1:,,  k*  and  n  were  needed.  Since  small  siakn;:es  of  the  order  of 
0.25  in.  were  oh.sei'ved  diirinir  Ihc  test  mus  the  etlect  of  h,,  and  n  on  the  dra^sbar 
pull  was  a.i.siimetl  neplifilhle  and  therctore  a  re>;rc.ssion  aiiulysis  similar  to  that  described 
above  Vina  not  lu’i  foriacd  on  Ihc  measured  data. 

The  arithmetical  averuBO  for  lour  penetration  ‘p-it-s  ]>p*-formnnrc  on  27  Jnne  IWiO 
=  3,5;  i<j  -  3.5  and  n  ~  0.40  were  used  in  eipmtioii  20  to  obtain  fipires  (>-10. 
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DISCUSSION S 


A.  R.  BESCR.  —  1  Would  liko  to  roiigratulntr  Mr.  Janosl  nnd  Hiiiifiiiiotn  oa 
thoir  two  papers  niiinliers  41  mul  42.  It  is  rcinnrknhlc  timt  Iherc  Is  only  one  otlicr  paper 
iu  the  whole  Conferente  PtiKecdinRS  whirh  really  attempts  to  relate  vehicle  pert'onnaiiee 
with  soil  pro|>ertie:^  I  think  that  they  will  agree  that  their  aim  law  ant  been  to  prc.sent 
a  ftual  analysis,  hut  rather  a  hy|K)tliesis  whieh  i-nii  he  used  to  guide  future  cxpcrinicnts 
and  from  which  can  he  devclu|>ed  improveil  theories. 

\Vc  have  Iteen  using  eqiiatioii  ;'>  at  King's  Collcj.'  for  some  time  now.  M'c  had 
not  looked  upon  it  ns  nnsibing  new,  hut  rather  a.s  a  special  co-se  of  Hekkers  equation  3. 
In  equation  3  ns  Kj  tends  towards  iiihiiity  we  obtain 

s  -  s„„  (1  K.l) 

It  thou  is  rather  nuire  ronvenieat  to  repim-e  2  K,  K,  by  a  new  coustnat  - . 

K 

The  Authors  iitoposc  that  K  is  obtained  from  the  slope  of  the  tangcut  at  the 
origin.  This  is  not  a  very  good  way  ot  ohtaiiiiug  K  boeniisc  it  only  uses  a  .small  part 
of  the  stri'ss  strain  eune  and  we  have  ohserved  that  in  the  vicinity  of  the  origin  the 
curve  becomes  rather  erratic.  For  c.Naaiple,  it  is  not  uiicommou  for  quite  largo  shear 
stres-ses  to  ho  develoj*ed  witli  no  measiireahle  slel'onaations  to  begin  with.  It  is  better 
to  rewrite  eqiwtion  5  m 

S 

I 


aud  lienee 


K 


_j_ 

K 


From  this  equation  a  .-.traight  line  ean  l>e  ploiied  on  log/linenr  graph  paper  and 
tlio  slope  gives  K.  This  tn:thod  n.'CS  all  of  the  stress  strain  curve. 

We  have  long  thuu>;hl  that  thi.s  type  of  eipintion  is  rather  inappropriate  to 
deserilie  the  soil  shear  stress  .strain  curve.  This  equation  gives  a  family  of  carves  as 
ill  figure  1  a  in  whieh  ini-reasiog  iioniial  slressos  give  increasing  shear  stresses  hut 
constant  dcfonnntions.  This  is  a  rather  unlikely  nrrangciuerit  bccniisc  it  is  well  known 
that  ns  the  normal  load  is  increased  so  is  tiic  vohniic  of  soil  under  stress  aud  therefore 
one  would  expect  the  deformnlions  to  increase  .similarly. 

Figure  I  h  sho)v.s  n  run-li  more  likely  set  of  curves  in  which  it  is  seen  that 
defoniiations  grow  in  a  progressive  imiiiiiht  with  iiicrea.sing  iioininl  loads.  This  family 
of  curves  is  ohtained  hy  making  the  Aullmrs  coasl  iiit  a  linear  function  of  normal 
pressare.  We  have  found  e.xpcrimciiinlly  that  thi.s  equation 

9 

- 1 

S  —  (c  s  a  Inn  *h)  (1  —  t  ^  ) 


Las  in  our  very  limite<l  expoririice  fitted  the  slrc.ss  strain  clmniclcristics  of  a  single 
track  on  light  frictional  soil.s  (piite  well.  1  iifoiluualely  we  have  found  that  tracks  of 
dilTcrent  shajusi  and  sizes  require  a  dilTereut  value  for  the  K  nllhongh  the  range  of  K 
i.s  quite  small. 


I  think  thnt  this  is  mie  ivny  uf  cxprrssinp  flic  ninjnr  limitation  of  tho  analysis 
in  both  pnpors  niiti)l>or  41  nml  42.  In  lM>th  pnpors  there  is  the  uastated  asstimptioB 
thnt  the  Prinoijile  of  8iiper|M)sitioii  applies  to  soil  veliii-lc  mrriianirs.  Of  course  it 
(l.>es  not.  It  is  ns.siiin<'i1  thnt  tlic  plicnuinena  wiiiclt  occurs  in  tlie  two  Itokker  tests 
.se|>nnitely  occur  in  the  .snnie  inn(;iiitu(les  when  the  hori/.untal  and  vertical  loadings 
nre  npplietl  together. 


SINKAGE  m  A  SHEART  TEST 


In  tltis  liinilisl  expcriciuv  wliirh  we  have  iii.siingctl  to  g.sia  in  our  Depnrlnicnt  at 
King's  College,  we  have  notivcil  llml  the  new  fnctor  which  usuiilly  npper.rs  when 
vorticnl  nnd  horizonlnl  loadings  nre  npplied  together  is  extra  >ifikage.  Figure  2  shows 
tlie  way  in  whidi  we  have  ciirrieil  out  shear  deformation  lest.s.  ^Ye  have  not  ii.sed  a 
hcvaiiieter  hut  proceeded  to  drag  the  .vcinnl  trnek  lliat  wc  were  going  t«>  lest,  locking 
it  ng.aiiist  rotation.  Tlio  figure  sliows  three  st.nges  in  the  test.  ,\s  the  .applied  foree  II 
grows  so  does  the  horizontal  del'oniialion  j  in  exjroiieiitial  iiuumcr  :is  jirevionslv  described. 
However,  along  eitli  the  inereiise  in  j  comes  an  incrensing  sinkage.  .\t  tird  the  Iniek 
sinks  in  a  fairly  level  manner  hut  later  ns  soil  piles  up  .at  the  front  of  the  track 
and  a  hole  developos  at  the  back  then  the  track  hegins  to  tilt.  If  the  ineiiii  sinkage  at 
the  centre  of  the  track  is  plotted  agiriiist  j  another  exjioneiitial  curve  is  ohluiiirsl  similar 
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to  tiint  stiown  in  the  figxirc*.  A  Mmilar  .sinkngre  ocrars  boneath  a  he^~anicter  aiinulas  hut 
here  of  4-ourse  the  (liflienlty  of  the  non-nnifonn  sioJeage  is  eliminated. 

Our  oxi>orimcntH  have  slwvin  that  the  thcoiy  put  fonvard  by  the  Authors  applies 
quite  well  to  a  emu'Icr  operating  in  easy  conditions.  As  the  toad  on  the  tracks  is 
increased  the  siiikuge  l>ccomes  greater  and  the  pretlictcd  results  hceome  progressively 
less  in  accord  with  the  facts.  It  becomes  more  neccs.sar^-  to  take  into  account  the 
relationship  between  siiikage  aod  slip.  ThU  can  be  done  by  relating  Z  with  X  by 


COMPARISON  OF  SINKAGE  IN  SHEAR  TEST 
AND  TRACTION  TEST 

Fig.  3. 


liioniis  of  the  Z  —  j  relationship  ohiRined  t'n-.io  litpiiT  2.  We  have  observed  that 
this  in  fnct  can  be  done.  Figure  3  rclntes  the  me.nsiiriMl  dilTereiice  in  sinkiigc  between 
the  front  niid  hnck  of  u  driv.'n  track  with  (he  mean  .sinknge  bonenth  ihc  locked  track 
at  conqinrahle  linenr  displaecmeiits. 

Beenuse  tlic  (Irfomiatioii*  grow  along  the  track  to  a  ninxiiinira  at  the  n’ar,  so  do 
the  .sink.'igcs  .mil  this  is  the  Rnson  why  vebivirs  in  difjivuU  going  nlwnys  adopt  a  tail 
down  iitlitude.  It  results  from  this  nttitmlc  Hint  the  normal  pressure  along  the  track 
does  not  .Tit  vertically,  and  has  a  bnckwnrd  coin])(ineiit  which  ccui.'litutes  oildilioniil 
rolling  resist.’ince,  and  nlso  the  shear  stress  is  not  horiroiiial.  The  halnuce  of  the 
o.Nicr.Tal  forces  on  the  track  is  ns  .shown  in  figure  4.  It  is  ciuile  en.sy  to  cnlculntc  the 
reduction  in  Ihnist  due  to  the  tail  down  nllitude  using  the  polygon  of  forces  shown 
in  figure  4. 

'Iho  eiTcft  of  lidding  this  analysis  to  the  Authors  is  shown  in  figure  5.  Here  we 
have  experimental  slip  pull  curves  for  three  .sinnll  crhwlors  of  dilf front  track  size  but 


eosistaai  weight  togpthor  with  i)rc<iictcd  porfVirmnnre  obtained  by  the  Authors  mrlhoi 
It  win  be  S4MM1  that  aa  the  track  hcromoH  smaller  the  agreement  becomes  Worse. 
AInvast  eomplete  agreemowl  Ls  regaiite<l  by  taking  aecounl  of  the  slip  sinkngc. 

The  data  in  figiires  4  and  5  have  l»oeii  obtnicnl  by  Mr.  .1.  Adams  a  post-gradnafe 
stadent  at  Dnrham  I'niveraityr. 


w 


ROLLIN  RESISTANCE  DUE  TO  SLIP 
Fig.  4. 


I  fiml  it  ditbcnlt  to  luider.'tnnd  .<eetioa  B  of  the  autlmrs  analysis  coi,  rrned  with 
linear  siakage.  They  do  not  .state  nhy  the  veiiielc  ha.s  taken  up  this  particular  iillitudc. 
It  may  he  that  they  think  Hint  it  has  oeeurrcsl  bc<a\i>c  the  vi'hirle  weight  is  (•onccnl rated 
towanis  the  bnrk  of  its  track  are.a  due  partly  to  load  transfer  and  jiarlly  to  the  .sljitic 
weight  distnhution.  In  this  t-i-se  .surely,  it  wouKl  ho  iicee.S'ary  to  simeify  the  p(»,  ition 
of  tho  vcliiclo.s  eeiilro  of  gnivity  nnd  the  height  of  its  drawbar,  tsiinc  Ihr'se 

dimensions  are  not  .sjtwitlrd  1  ••-in  only  •s»ni!ad<>  that  the  nualysis  does  not  take  account 
of  the  three  eoiiilition.s  of  eqiiilihrimit,  —  F,  --  U,  -  F,  =  P  I'nd  -  '■  0.  It  .'Ceins 

that  the  la.st  condition  is  ignored. 

In  the  field  of  vehicle  meehnnies  everylinng  that  tnke.>  place  in  the  .'«dl  is 
coriiplfX  and  uinertaia  niiil  this  is  all  the  more  rea.soii  for  inuking  sure  Ihnl  the 
theories  fit  all  the  three  cotiditions  of  ciuilibrinni  nhieh  are  about  all  that  is  known 
for  sure. 
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I  bolifvc  tliiit  llif  I'muluiiipiilnl  rmsoii  for  (hp  Inil  ilowii  Rttilixlo  taken  np  by 
tmekccl  vehivles  in  Iimiso  soils  niul  siioivs  is  the  retliiotion  of  sii|i|>ortiii);  capacity 
canscil  by  liori/.oiitnl  «li'fon»mtioiis,  that  1  have  already  discusscil.  If  this  is  so, 
then  it  follows  that  the  anslysis  must  be  based  on  the  slip  sitikiij;e  relationship  and 


DECREASING  PERFORMANCE  OF  SMALL  TRACKS 
AT  CONSTANT  WEIGHT  IN  LOOSE  SANO 


Kin. 


will  have  an  entirely  illlfeient  bases  to  llmt  alleinpted  by  Mr.  Jano.'i.  It  shonlil  be 
noted  that  in  the  experii.ients,  the  rcsnll.s  of  wliieli  are  shown  in  (inure  the  resultant 
of  the  jiressnre  henealli  the  Iravks  was  kept  eeinrnl  hy  lutivinn  a  hahinre  weight  to 
coiinteniet  the  loa<l  transfer  duo  to  drawbar  juill,  I)es|>ite  this  the  liaetors  took  up 
an  incrcasinyly  tail  do.vn  attitude  with  inereasiun  slij). 


Pisettssion  on  paper  number  42.  —  I  think  that  Mr.  Jatiosi’s  p.ajM-r  van  ]v>rhaps 
be  critiei/.cd  beonusc  it  diH’s  not  make  sniiioicntly  clear  tlie  ussaniptlons  on  which 
the  analvsi.i  is  ha.sed.  It  may  l*e  that  this  is  the  fault  of  the  Coiifei eni-c  Organi/ntion 
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iti  rcitrirtinf;  tlio  length  to  a  eertaiii  niiinker  of  pages,  hut  there  can  be  no  <loubt 
that  is  rethicea  the  s'lilno  of  the  work. 

The  iiiiijor  asstnnptioii  iiiutle  is  that  which  I  have  ilniwn  attention  to  with 
reference  to  the  preci'etliiig  |m|>er.  coiiceriiiiij:  the  sui>crpusitioii  of  the  information 
from  the  two  Hekker  tests.  I  think  thnt  in  must  ruses  of  a  wheel  oper.iting  in  soft 
going  it  is  noec'ssary  to  take  into  ui-i-oiint  the  phenomena  of  slip  aiiikage.  This  becomes 
iiiervasingly  im|>ortaiit  ns  the  eoniact  prc-ssurc  heeomes  givatcr  and  the  contact 
Iraglh  smaller  ami  I  wtmlil  expect  it  to  make  a  very  eoasiilernhle  ilitTerenee  to  the 
jM'rforninnro  of  wheels.  The  very  inter»>sling  lilni  shown  at  this  Conference  by- 
Mr.  Tunilmll  ninl  Kreitng  of  the  Wnterwny’s  KxiaTiniental  Station  .showed  very 
clearly  n  wheel  in  l<aisc>  .sjuul  in  wliich  the  .-inkag.*  was  olivinasly  t>rimarily  a  function 
of  tile  slip. 

1  tliiiik  that  sli|i  siiikage  is  al.so  a  jiossihle  explanation  for  the  ilifticnlties 
ex|KM‘iencei|  by  I’loCe.s-sor  Vincent  (pa|>cr  no.  40)  in  trying  to  relate  a  Ibeoiy  similar 
to  Mr.  .laiiosi’s  to  expei iiiientally  oliserved  phenoiaeiia.  One  woiilil  expect  thnt  if  the 
soil  (leforiaations  grow  towards  tlie  jioiiit  immetliately  below  the  axle  so  the  snp|iortiiig 
capacity  wotiM  ho  reduced  and  therefore  the  eonlart  pre.ssurc  would  be  reiluee«l  in 
this  region.  This  will  help  to  explain  why  the  iiie.ssiuc.s  do  not  grow  to  a  iaa:tiiViuin 
at  this  )H)int. 

A  fui liter  exatnide  of  an  uiislatetl  n.ssimiption  made  by  Mr.  .Innu.si  is  to  l>e  found 
oti  page  Til  after  c(|itation  t7).  lie  .-stys  here  that: 

The  hut i/.ualal  |irc.s.stirc  cniaponctit..  may  lie  expressod  nccordiitg  to  figure  4 
ns  follow's ; 

!*i,  =  p,  tail  (I 

This  lolliiws  from  as-jiiiniag  thnt  the  shear  slrc-vses  tironinl  the  riia  of  the  wheel  art) 
/ciO.  This  of  eniirse  t.s  not  I  me  as  i.s  .shown  for  example  by  .Mr.  I'lTelman's  figure  14 
in  his  ]ia]>er  niiiiilier  7.  It  is  to  be  expected  tliat  ii\  general  this  pattern  of  espial 
aniuuiil.s  of  imsitive  and  negative  shear  .stre.ss  wotild  be  foiitnl,  in  llie  ease  of  the 
self  propelled  wheel. 

It  is  inlercsiing  to  oliM-rvi-  that  Mr.  .lanosi  linds  that  his  tbeory  niiiler  e.stimntes 
the  measures  rolling  resistanee.  I  think  that  this  is  heeaii.se  he  has  cnmidetely  ignoreMl 
the  energy  absorbed  in  the  horizontal  s*>il  defoniiatlons  duo  to  the  previottslv 
nientioiu'd  shear  stresses  and  also  due  to  the  horiznnlal  eomixtnents  of  the  normal 
btivs.ses.  It  may  he  that  tliis  is  what  he  calls  Imlhloziiig  testslanee  but  this  <loes  not 
seem  to  lie  a  very  jtisliliable  nnnie  since  lliese  lo.sses  would  be  called  slip  losses  if  tho 
wheel  was  prodiieiiig  .some  Irnetive  elTort. 

It  is  very  easy  to  Ik*  critical.  The  fuel  limt  it  is  ))o.ssib!c  to  eritieize  Mr.  .J.nno.si'.i 
papers  iloes  iiot  dot  met  at  all  form  its  very  great  value.  1  nai  etinviiteed  that  his  basic 
appto.aeh  is  llie  correet  one  and  he  has  done  a  very  great  serviee  in  boblly  altcnipting 
what  is  at  the  present  time  ]>rohahly  an  iaijmssible  task. 


Z.  JANOSI.  —  I  wotihl  like  to  say  1  am  very  .sorry  that  we  meet  Prof.  Beece 

so  seldnni  and  have  to  attend  an  inlernaiionnl  eoal'ereine  to  have  an  opportunity  to 

exchange  ideas.  Now,  to  disetiss  Prof.  Heeec’s  eooimeiits  I  wimld  like  to  emphasize 
8  points, 

1)  Kiptatinn  (.’j)  is  not  .iu.st  a  .special  form  of  tspiatioii  (3)  which  one  may 
olitniii  by  replncing  ‘JK,  K.  by  1/lv  wlien  Kj  — ♦  cvj,  boenttse  c  0  as  Kj 

— >  oo  mid  therefore  one  obtains  s  =  s,„„.  which  doe.s  imt  represent  u  eurre  of  the 

desired  shape. 


l)i-cuii>e  llie 
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2)  The  « lof^orithmie  terhnkiae  >  rcrouimerulctl  l»y  Prof.  Prcro  soonis  to  he 
more  arrurnie  than  the  «  tniii^ent  solution*  for  the  «lrteriiiination  of  the  miinerical 
valr.e  of  K. 

We  shoalft  hear  in  mitnl,  however,  that  Jijien  «  in  the  virinity  of  the  orifrin,  the 
enrvo  beeoiueir  rather  erratic »  then  the  replottiii;;  proeediiic  will  be  Jiflioult  to 
enrry  out  accurately.  It  is  advisable  to  tise  that  |)orlioii  of  the  cxih- rinieiit.il  onrve 
which  falls  between  »  0  aud  a  =  and  not  «  all  the  stress  .<tr:iin  curves* 

heennse  a  rei>lolted  shear  stre.ss  strain  curve  is  very  sehlotii  one  str;ii}rlit  line.  It  r.ithcr 
looks  like  the  curve  shown  in  lipnre  1.  In  this  case  the  terhniqnc  rvfommonilcJ  by 
Prof,  lleece  is  more  eoiii|ilicutcd  and  more  innrcniate  Ihun  the  e  tuii;,'i-Mt  tnethoil  *. 

3)  It  is  true  tliut  shenr  stress-strain  curves  do  not  follow  the  trend  shown  in 
fijriire  A  in  Prof.  Rec-ee's  conuiieiits  fuliieh  was  assumed  in  our  |miier),  but  unfor- 
tniiately  fi^urv  IH  does  nut  show  the  real  situation  eilhi'i.  An  extensive  amount  of 
test  dnta  uhtained  nt  the  Land  {.oroniotion  l.-dioratury  in  Pi.'i!)  reveals  that  shear 
curves  behave  ns  shown  in  fisriirc  2  when  the  normal  (iressure  varies.  It  does  not 

—  ip  —  j 

seem  to  he  worth  while  to  use  the  exponent - ^ —  in.su-ad  of  — ; —  hecuiise  the 

K  K 

inaceurncy  will  become  even  greater  at  hiyher  p  vnlue.s  and  the  aiialy.sis  would  bo 
more  eomplieiiteil.  This  ilillieidty  was  l,ii>:ely  redim  J  hy  iis;n;c  a  K  saliie  which  was 
obtained  at  that  nurninl  iiressure  (p)  whivh  wa.s  estimated  to  occur  under  the  vehicle. 
Our  intention  is,  however,  to  introilneT  a  cornwtioii  factor  whicli  would  improve  the 
accurucy  of  the  equation  at  a  later  date.  Since  K  lemains  constant  above  .1  fnirly 
low  •'  .ulue  we  iclt  that  the  validity  of  the  analysis  wonht  not  he  jrreatly  reJaced 
hy  usitij;  K  “  constant  for  varioii.s  p  vuliie.s.  The  variation  of  K  as  n  fnmtlon  of 
the  slinpo  of  the  fooling  i.s  iticUuicd  in  the  analysis  both  in  llic  pajier  on  hand  and 
that  of  Mr.  Harrison.  We  found  that  the  Icii|l::Ii  of  (lie  fooiitu;  1  is  the  ini).ort ant 
iallueneiii;^  factor.  Kortnnatr'ly  it  wa.s  found  thitt  the  relatioiishi))  between  K  and  1 
provetl  to  be  very  close  to  a  linear  one. 

4)  We  think  tliat  matlienmtical  .■<implilic.i!ion»  have  eoiitrihulisl  ( on.sidcrahiy 
to  the  diftifitlties  Mr.  Pnvlios  rciiortiHl  on. 

5)  We  have  to  admit  that  the  jirliieiple  of  supeiposilinn  is  tlieiuetii  ;dly  not 
admissible  when  one  works  with  .soils.  If  one  attempts  to  consider  the  veiy  ieijHiilaiil 
problem  of  the  .slip..siiik.ij,'r  lelatioiiship  hy  mean.-,  ol  actual  ilray  tc.sts,  one  linds  that 
in  .some  cases  the  sialic  sinkuye  decre.iscs  i.'s'.eiid  of  iucre.isi:e.r.  Therefore,  oe.e  ei.iy 
eoneliide  ihul  the  jihenomcna  iiivoLcil  ct'U  not  be  so  en.sily  r;:j)lni:icd  as  it  was  done 
by  Prof,  llcece.  Since  te>t  resulls  obtained  by  menus  of  e.Nperiiiu-nt.s  eoii'Iinlrd  with 
actual  si/e  veliiclc.s  were  in  pood  nirre,  meiit  willi  ibeoretb-.d  Jji mlict ions,  wc  (  Oncindt  d 
that  the  n|>pliratiuii  of  the  juinciple  of  snperj.osition  does  not  le.-n’t  in  i  on.sidcrnbie 
errors  uiul  it  may  be  u.<e>l  until  Tiincli  more  is  known  about  the  belinviur  of  >oils 
under  vehicles. 

Wc  lire  fully  aware  of  the  importance  of  a  valid  sinkapo  slippnye  lelntion.shij) 
.'iiin  we  plan  to  investigate  this  problem  quite  extci  sively. 

There  is  another  my;uni(  iit  apriinst  tlie  u.-e  of  the  «  drap  test  i.  If  one  hns  the 
op|»ortunity  to  pull  the  trucked  vehicle  in  a  piveii  soil  one  may  also  measure  the 
ilriiwbm  jmll  as  ;i  |■lulttiou  of  slip  very  iii-iily  ami  there  i-  no  fuither  need  lor 
aimlytiind  predittions. 

C)  The  cfFeet  of  the  trim  .inyle  was  tiol  inelnde*!  in  the  annlysls  bocaase  it 
Was  eojisidcTCrl  iirplipiblc.  If  one  Invisali-alcs,  bowever,  e.Ntieiiiely  short  tiaiks  ns 
was  done  by  Prof.  Rccec  in  fipiire  5  of  his  romments,  this  cited  may  be  rpitte 
snbntnntiid.  ■ 
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7)  If  one  tries  to  Hiialv/.p  I  lie  (KTl'oriiiaticc  of  n  truck  which  oponites  with 
Irini.  it  is  not  jiossihle  to  sutisty  nil  throe  oqiiutintis  of  o(|iiilibriuiii  iitiloss  the  true 
pressure  liistrihulion  is  known.  The  |>rossiire  (lislrihut ion  is  ii  fiinctinn  of  the  driiubar 
1*011  vhieh  is,  in  turn,  a  f.inotion  of  the  sliji.  Thus  u  vnrinhle  iiii-s.sure  distrihutiun 
patters  is  to  be  ronsidcre*!  tor  an  oxiiot  .solution,  rnfortunutcly  we  do  not  have  enouph 
information  at  the  prc.scnt  time  on  these  phenomenon.  The  <|ne.stion  reninins  then 
whether  one  should  .satisfy  the  nionient  e(|iiililmiint  riin.ntinn  and  postjionc  the  iiiiiily.sis 
until  a  presnure  di.'t rilintioii  liiw  coin|iiililile  with  the  eiinut ions  of  eipiilihrinni  is  foimd 
or  Work  with  Itekker’s  equutinn  (p  -  k/.')  uinl  elicck  the  lllll•;llitllde  of  th^  error 
involvp<L  .\s  tesi  rosnlts  .show  ninler  noiinnl  ennditiotis.  the  i“<nnitioii  yields  a  jiood 
approxiiiiation. 

b)  We  njins*  with  I’rof.  Keeee's  stntenieni  llnit  lln-  slip-sinkntie  relntioiisliip 
shonid  he  inrliided  in  the  uindy.sis  of  wheels.  Km  thenniire  it  is  true  thut  frii  tlon 
belwem  the  wheel  utnl  the  soil  w.is  iie;;leited.  The  lir.st  ((iii'.st ion  iiin  not  be  nn.sweieil 
as  yet,  while  the  sesotid  problem  was  nut  considered  ini|iuiinnt  I'lioiich  to  romiilieiile 
the  analysis  which  is  imn-li  involved  anyhow.  We  have  not  coriiiilelely  ni^jleeted, 
however,  the  resistance  due  Jo  shear  slrc.ss*-s  and  that  <hie  to  p,,.  These  are  ]>artially 
incindcj  in  tlie  term  ilciiot<sl  hy  11... 

1  believe  that  the  nmleis'slinnilion  ef  the  rnllint  resislain c  is  due  to  llic  incorrect 
assuni|>tion  as  to  the  pressniv  di.'t rilmtiim  iiinlrr  ihi'  wheel,  which  had  to  be  em|t!oycd 
at  the  present  lime.  The  |>re.s.siiie  distrilmtion  is  eiiirently  .studied  hy  I’lv-f.  Vincent 
ami  nI.so  by  ilr,  H(V‘'dus  in  our  l,id>oraloiy.  1  hope  lhat  this  prohlem  will  ho  clarilied 
in  the  near  fuhirt-. 

finally  I  woiihl  like  to  express  my  orntilude  to  I’rnf.  Kieec,  who  not  only 
reeojrnirisl  the  main  un.solved  pr*>l)lems  hut  jire.senli'il  viry  vnhmhle  sUiJiieslions  a.s 
to  their  .solution.  As  lie  said,  it  is  an  impnssihle  tiusk  to  ('stahlish  a  ri-.;nioiis  solution 
of  the  prohiems  inkO'tioated  at  the  present  time  because  the  .scmi-empirieiil  soil 
value  system  is  not  seitalde  to  neeouiil  for  all  the  imiiorlimt  i>heiiomeiia  involved  in 
it.s  prc.sent  form. 

I  believe,  hnwever,  lhat  the  improviMiient  in  our  system  whiih  is  roiistantlv 
attemjilisl  in  our  l/ib*iratory  will  nllow  iis  to  iin)>rovr  the  .tecniiKV  ol  our  predictions 
anti  e.xpaml  the  ceneialily  of  its  possihle  .-ipplicatiiins.  The  t>a|ieis  iiresented  ate  not 
n',r:irdist  as  tinal  solutions  liut  rather  ns  a  .'Ummaty  of  the  jiiesent  state  of  the  art. 
Meanwhile  ihe  Imsie  laws  of  .'oil  dynamic.'  arc  stu-lu-d  In  our  coot ractor.s.  Tlicse 
studies  arc  hopcil  to  lead  to  llic  jioint  where  wc  will  he  able  to  ahiu'ulon  oni)tirici.'m 
and  i-stahlish  riuoroiis  'oliitioiis  at  least  for  some  iin|>ortiiiit  hut  relatively  sinuile  casc.s. 
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An  analysis  of  pneumatic  tire  performance 
on  deformable  soils 

Analisi  della  prestazione  dei  pneumatici 
siii  terreni  cedevoli 

Z.  -Ianosi  •) 


ADST51ACT.  —  Tlii^  )xii>er  presents  the  current  j^late  o/  the  art  of  the  seiru- 
etiipirical  melh'.'d  cslahli\he<l  i/i  the  I.and  tLcoiiionon  Lnboratory  to  predict  the 
performauve  chnractehstier,  n!  a  tire  operatincr  in  dr/onuahle  soils.  The  equations  for 
sinkaije.  motion  resistance  and  HrawOar  pull  as  a  /unction  oj  load,  pcoriictn/.  inflation 
pressure  and  soil  <  haractenstn  s  are  hast’d  on  the  .soil  l  alue  sysicin  first  proposed 
hp  Bekkcr. 

The  results  show  reasonnhle  agreement  l.etween  experhnentul  dalxi  and  precal¬ 
culated  values  for  homogeneous  soils. 


Key  to  f!yuit)oJs  anit  Uefimtions 

\'orliriil  I'dKijidiu'iit  oi’  <rr<imiil  ■  iiii  '-iiro  ndinir  mi  llio  is  lirt'l-M>il  iittcrrnic 
'■tsi) 

Colic.iivo  iiii'ihil;-'  III’  siiikiij'c  (llis /in"*') 

I'’rjilimiiil  iiniiliilii-.  «u'  .siiikjn;i'  (llis/ii;"**) 

Widtli  111'  w  iiccl  nr  a  i»  r(  iiidii!iir  I'lmlin;;;  railing  of  l  in  iil/ir  lix-iiiid  ii>ril 
in  Mill  |uiu'lriiliiiu  IimIs  (in) 

I’.xiniiiiMit  of  siiikiiiir 

Sinkiij^c  of  nil  nrliil  rni  v  jioiiil  on  (In'  wlii  cl  jii'rinii'li'r  (iii) 

N'cfllrlll  llillil  0:1  I'lO  wlllM'l  fills) 
lHiiMU'hT  of  a  uli.'i'l  fin) 

f'l'iilrnl  iiiid|(i  Ik'Iwcoii  tlir  viiiinil  |•nllin^  ami  tlio  ii.dins  n^Mnir.liil  willi 
till'  soil  Icvid  f") 

IIoiiAonl:il  iiK.idinalc  axi';  disliiin-c  lii'tMOfii  vi'illral  riidins  and  wliwl 
lirrlmiti'r-,  lion/onlMl  linvii  of  n  iii-int  on  llij'  wlitid  )>i‘iinK'lt'r  fill) 

Miixininin  .-•inkadi'  of  a  wlu-ri  fin) 

N’l'iliiiil  di-liiiiri'  iH'lwiTH  llif  rfiilor  of  lilt  wlicid  and  an  iirlduarj'  i»idiit 
on  till-  in  ! inifli'i ;  iMdoinli'  of  11  I'nint  on  tlii'  ulici  l  pci  iim'liT  lai'ii-'i  risf 
aliovi'  llii-  iiiid  fin) 

( I)/‘j  -  Z„)  Di'li.in  r  lii-hvcrn  llic  i  ciitiT  of  llic  wlii'id  inid  tin'  iitiili>l nrlFsl 
-oil  lf\cl  fin) 

N  i'i  la  al  .•■■.lid  ion  ai-liii.^  aoaiii'.l  Ilia  iimvinf^  wlicpl  (llis) 

*)  l.iiiid  l.iiroiMiiliiMi  I.id.oraiory  t  .  ."d.  Aiinv  Or.lnioa’i'  Tank  .\i;liitiiiil  iX'i*  foiniaanik 
lleli'idl,  M iilii(jiiM, 

K:M'ati'd  ai  llii'  I*.  S.  .\iii:v  ('t.Iiiiiii.'i*  Tank  .Naloiiuit i> p  ('mninaiid. 
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^^omclll  nH  F  with  r<sj>«-t  to  the  center  of  the  wlicd  (llw  in) 

Disliiiieo  iK'twien  1’  mid  tlio  ii'iiter  of  the  wheej;  (in) 

^futillll  rosistniiic  due  to  vcrtieid  reneliou  P  (lbs) 

ITorizontnl  eoiiijmneiit  of  "Toimd  pre>Mirc  actiii<4  on  the  •.vheel-soii  interface 
(p.si) 

llcsistniiee  due  to  )ioTi/.ontnl  j>n-s»iirc  (l>„)  (lh«) 

H,  -I-  I{„  (Ihs) 

>fti.iciniiim  ^rnmnd  jm*>-<iire  netiiiir  under  the  tire  (|>>i)  • 

Infliiliim  jiressiire  of  n  tire  (je^i) 

('iiren>-i  presvnre;  dilfereiiee  IK-Iween  mid  p,,  n  jircs.-'iire  due  to  stiffness 

of  the  liirenss  (psi) 

l(e>i>lnnee  due  to  soil  eoinpiiilion  under  the  tire  (Ills) 

Hi'sisimne  due  to  hysteresis  losses;  due  to  enrenss  slilfness  (llts) 
H\|>erinien(id  loellieient  indiiiitiie^  proportioiniiily  Iretweon  Hj  mid  \V 
OptiiMnni  inll.itioM  pres-iire.  iit  whirh  the  resisimiee  is  iniiiiniilni  (psi) 

Irf'iigth  of  llie  «  (lilt  r  port  of  tlie  soil-lire  iiilerl'nee  nt  low  iiiHalion 
pr.-ssnfes  (in) 

Itilli'lTii  e  In-tween  the  hnoth  i  f  the  liori/oiilnl  ]»roj(stion  of  the  tire-soil 
interliiee  ;iren  mid  I,  (in) 

Ini'iiliiiii  jiri-ssiires  wliieli  s<-piirnle  the  «  risiid  >  and  «  soft  »  pressure  domains 
for  H  the  ((isi) 
t’oliesion  (I’ns/iu-) 

N'oniiiit  pressure  on  the  wlier-hsoil  inlerfnee  (psi) 

Aiii^le  of  sheiir  ie-.islmiee;  mi”!e  of  iiileniiil  friction  (") 

Miiri/.iiiitnl  soil  defoiniiilion  (in) 

Defoniint Ion  nioduliis  of  a  soil  shear  stress-strain  eiine  (in) 

Slip 

Tiiriiim;  aiijile  of  a  nlnel  while  the  eiidjiuint  of  the  tadiiis  moves  from  the 
IsiltoMi  of  the  wheel  to  a  point  elinraeieri/.ed  hy  X  mid  Y  (") 

—  a  (") 

Th.  •tinlical  .spiM'il  ol  the  wlwt*!  i-alciitnuil  iVotii  l!ic  nidins  niid  llio  HPM 
(ii»/s*v) 

Artnnl  (in/>Or) 

Kailiiis  (t!  i\  riclitiiniH  wlufl  uliicJi  uouKl  tovrr  the  dislnjipo  ns  <hc 

wlioci  iliu*s  jittir  a  jiMtcIi'  liml  hti'ii  tnviTiMl,  InU  willinut  slip  (in) 

IV-  (in) 

Ordiinile  of  the  iiistmilaneoiis  i-enler  (V,  =  1{  —  r)  (in) 

Cenlnil  iiii;;le  at  which  the  tanoeiil  of  the  ))atli  of  a  point  of  the  wheel 
periineler  is  verlieal  (") 

^.-n'  (") 

Ahseissa  of  the  inilh  of  n  point  on  the  wheel  l>eriineter  nssoeialisl  with 
arioles  /?,  p^  and  /?,  ri  ~]a‘elively  (in) 

(jross  tiaelive  elfort,  tiaetioii,  thnr-t  (Ihs) 

Tluiisl  deieloped  on  that  ]iail  of  the  perimeter  wliieli  lies  helweeii  /?  -  p,  —  P, 
and  P  -  /3,  (Here  /?„  <  /3,) 

Iteailion  due  to  shear  slres-Ps,  n(s;ative  thrast  developed  oil  Ihnl  part  irf 
the  ppiiiiielei-  whieh  lies  hel','-.  eii  — /?„  --  /J  mid  P  -  /},  (Mere  /?„  >  P,) 
Iloiizonlal  soil  deformation  in  the  direelioii  of  the  liiolion  (to  lie  eoii'i- 
deled  if  /?„  >  p^)  (in) 

MnNinmm  hori/ontnl  soil  dprormalion  in  the  direetioii  of  the  iiinlion  (in) 


I)  Back^^and 


Sonic  outstanilinj»  studies  arc  lisltil  in  the  fidlowiliv  which  represent 
iinporlant  Yardsticks  in  the  «leYeli»i>iij«‘iit  of  the  ineehiilifcs  nf  tires  under 
nfV-tiit'-rond  eouditiiniH^ 

The  prnlih'iiis  nlated  to  rigid  wheel  heliavior  in  wjft  soil  have  been 
investigated  Iiy  several  researehers  and  sonic  ini]>urtniit  Jihciionienne  have 
lieeii  idiM-rved  for  whieii  ininieisius  useful  .solutions  liHVC  bi'eii  proiiosed. 

Tlie  sinkagi"  and  niothin  l•*•sistance  4»r  a  towed  wheel  was  first  analyzed 
by  I’ernstein Utis.siaii  investigators  improved  llrrn.stcln's  basic  equation 
and  obtained  a  more  general  .soluliitii  *. 

(iarbari  publislosi  a  very  useful  paper'  in  which  be  suggested  sonic 
luw  notions  such  as  the  eiilieal  iiillatioii  pressure.  A  further  improveiiieiit 
in  the  basic  soil  stress-strain  relationship  le*!  Ib‘kk4-r  to  riiuatioiis  of  more 
general  value 

Viiieeiit  id'  the  I'liivei.sify  of  Miehignu  has  observed  some  new  rela- 
tionsirips  as  to  the  pressure  «list i ibu'ion  under  ii  tiiwcd  rigid  wheel  in 
sand  and  the  tlow  of  soil  past  the  wheel*. 

'flic  kiaeiiiaties  of  a  rigid  wheel  has  In-eii  analyzed  by  Uu.s.sian  scientists 
in  great  detail;  the  eiiwalion  of  tlie  path  of  a  .soil  particle  under  the  wheel 
has  lieeii  foiiiul.  'I'heir  aehiev«Miu  nts.  h»iwever.  are  of  juifel.v  aeadeinic  value 
beeause  of  the  laek  of  a  soil  stre.ss-.sirniii  relationship  *. 

Am  for  soft  tires  (lineliaiiov's  eiiipirieal  mpialioii  for  rcMsIaiiec  prediction 
is  fie((Uently  published  ill  Uiissiati  te.Ktbooks ’.  Another  Uussiim  iiaper  by 
Ageikin’'  reveals  an  e<iuation  for  siiikage  similar  to  limt  published  by 
Itekker  and  the  author  of  this  iiapi-r K\pei iiiielils  by  the  Xntioiial 
Tillage  Iiaboratnry  by  the  \Yati-rway.s  Kxpcriineiit  Stulioii  of  the  I'.  S. 
Army  Corps  of  Kngiiieei-s  ”,  by  Suehiie ’*  ami  by  a  grouji  i'onsistiiig  of 
roscnreliers  from  the  National  Tillage  laiboratory  and  Michigan  State  Uni¬ 
versity rlueidafed  some  im)*oi taut  aspects  of  the  pressure  distriliiUion 
under  soft  tires  oiieratiug  in  soft  soil.  Ken  '’'  ami  some  l''reiieh  le.searelu'rs  ” 
inve.sligaied  tire  performnneo  in  ilcsert  sand. 

A  new,  ratlial  ply,  tire  design  iiitroibieed  by  the  IMl'i'lli  Co.'"  proved 
to  lie  .superior  to  the  eonveiitional  4>nc  aecording  to  tcMlM  *‘Oiidueted  by  the 
eomi>aiiy  itself,  by  the  National  Tillage  l.ahoiatory  ’•  and  by  the  l-’ord 
Motor  Co. 

llekkei’s  eoiulual  tire  eoneept  appeared  to  In*  promising  in  view  of 
theoretical  considerations  and  smne  limited  test  results. 

Hiehey  suggested  tile  iimunting  of  a  railial  ply  lire  on  a  narrow  rim  and 
eoiidueled  field  test  which  pri»v<'d  that  the  eoneept  bml  .Higliitieimt  advantages 
over  tires  of  conventional  l  ini  diineiisions 

Soehne  published  a  vtTy  thorough  analysis  of  tire  behavior''*  but 
seemed  to  be  hiiuleiod  by  the  laek  of  some  kind  of  «o5l  stress-stniin  rein- 


The  aWis!«a  of  the  rrsTtlfnnt  vortii-iil  reaefimi  is: 


f  .1  M 

f  =  — - 

/  d  I‘ 

Siiiee  W  =  /  tlP  niul  tisiiij;  e(|)iiitioii  5  4Hic  obtains: 


k.  +  bk. 


f 


Z«  (Z  +  V)  <1  z 


Kii;.  3.  —  K(|uilil>riiuii  uf  funv.-*  im  ii  ri^iil  «1iri-l  ojiiTaliiii;  in  'K'for- 

iii:il>lo  soil. 


Coii.sidi'iitig  that  F  =  If  2 — Ibe  folbiwiiig  j.s  obtaiiU'd : 

K  i  bb,  I)  Z„ 

<n  +  1)  \V  *^2  a  +  2 


(0) 


To  overeonu*  tbo  inoinfiit  (•.Misnl  by  the  veitbal  ims.suie  (•oni])oii('Mts 
one  lias  lo  a]*l>ly  a  force  (H,)  at  the  a.sis.  (’Icarly  if  J)/2  g  (sr-e  ligurc  J) 

II, 

lit  •nee  using  ctjuatioii  (5 


\Vf 


z 


o 


kf  4-  Ii  k. 


1 


The  fiori/.oiifaf  procure  e(»iii{H»iients  mar  be  cxpreswsetl  aeconliiif?  tu 
fiKuro  4  u»  follows: 

l»u  =  p,  Un« 
or 


* 


t  ij;.  4.  Iliiri/.niitiil  ami  verlicHl  |irps>urv  r»ni|i<>U('tit!i  uct'nj'  iinik'r  a  riy’nl  wheel. 


It  oiiii  111'  sri'ii  that 


Ian  o  —  — 


l(t)>2)'-  — 


X 

I’m  =  (— ---  +  h*)  Z- - - 

^  1HVJ)=  —  .x= 

The  resist aiicc  due  to  horixuiital  j»ressures: 


K„  -  l»  /  l»y  a  y 

D/  2  —  Z„ 


l''i’uiii  Ik 


*  ]  ) 

•IV  eonsidei  iiij;  that  ’/.  -  y  —  F  ami  x  -  |/ ( _ y  _ 


/*  f>/-  —  Z, 

K,,  -  (k„  +  bk,)  /y"—  ri - - - ^ 


T  rti>/2i’  -  \n’.:  >iv 


—  744  — 


KiiUiitiun  S  has  Ixvii  pmjii-iiiiiUH'il  for  n  Dafnli-un  coinputi'C  by  (hu 
Dyiiiiiitifs  SiiiKilatioiis  Liil)oi-iiti»i-y  locntt-d  at  the  Ordiiaiicu  Tank-Autijinotive 
(.‘(Hiitiiaiii!.  Thus  thf  tutal  resist  a  itft*  t'oiisUkii-d  in  this  ^lialy  is  flic  sum 
uT  aiui 


K,  +  u„  -  (k,  V  i.k,)  r-^"  '  (1  -  — )i  -» 

*- »i -i- 1  '■  n/2  (ii  + 


D/I 

/'  I>/-’  - 

I  r-  *  (1 - [CV-’r  -  y^j’i 

n/i  — 


t!)) 


I  It)  Low  inflated  towed  tires.  —  The  Ihi  iuy  usi  d  in  this  iiapi  i-  lias 
Ikm*ii  (‘xplaiiu'd  in  details  in  lelVicnco  10. 

The  sinkaf'e  of  a  tiiv  with  low  iiillatimi  pnssiirc  will  rcsnlt  in  a 
niaxiimini  f'ltitnid  pressure  eipial  to  the  inllation  pie.ssnre  jtlus  a  incss  ire 
due  to  the  defleelion  of  the  slilT  eareass  (]v) 

IV «...  -  1*1  ^  IV 


L'sino  eciualion  2  one  at  rives  at  the  fttllowiiij:  fommla: 


I'l  h  IV 


(Ml) 


.'sinee  it  is  assumed  that  Ihe  tire-erouiiil  iiitertaee  is  Hat.  lesisl.inee  due 
to  veitieal  pressures  is  eoiisitlered.  It  has  heeii  shiiwn  liy  I'.ekker  *  that 
the  resistaiiee  due  to  veliieal  reaelion  |iressure  in  the  soil  may  he  approxi¬ 
mated  as  follows: 


It,  - 


k^  -I-  li 
II  +  1 


irsiiij,'  eipiation  10: 


l> 

II  +  1 


+  k 


-  I,  n 


IV) 


til) 


Another  important  eoiujioiient  of  the  total  roHio}.  resistanec  is  due 
to  eareass  flexture  (hysteresis  lo.sses).  The  edelleetiou  resistanee »  has  to 
he  ohtainod  hy  means  of  experiments  mi  haid  ,:;round.  'i'lie  cxperiinentnl 
resistaiiee  v.s.  inllation  i)re.s.sure  eurve  ran  he  deserihed  loatlu'inatieoll^N  for 


15  — 


rarh  lire.  Kor  exjuiiplc  tliu  tielli-clioii  iv.si.stuiiL-c  varies  in  lliu  fnlluwiiij'  way 
in  case  of  a  14-20  tire. 


whi-iT : 


ltd  =  i\w 


f.  =-  O.OJ-.*.)  —  o.oi'j 

40 


112) 


Thus  llu>  total  l•(•sistall(•^•  coiisiilvreO  in  lliis  pap'r  is  nWtaiinil  by  roiu- 
biiiiii);  is|uatiuiis  II  and  12. 

a  ♦  t 

b  1  -  l>i 

K  - - <1*.  I  le)  "  T  w  ro.o2.'j  — o.02r>int;~'|  (lo) 

u  +  1  k.  w  -* 

(T-  ^  ''•) 

Ki|uati(>ii  Id  slniws  that  tin-  eoinpael ion  ii'.sistancc  is  direi-fly  propor¬ 
tional,  wliilo  the  tb'llrel ion  rcMslaiifc  is  in vrisi'ly  ])|'cijmii'I ional  witli  llie 
iiitlalioii  prossnro.  Tlie  total  |•l•sislanl•(^  tluTrrorr.  will  liavo  a  inininiuni 
vahu'  at  an  opliinum  inllation  piessui**.  ‘llu-  optiiiiniii  inllalion  pressure’ 
jiia.v  ho  found  for  at  14-20  tire  if  oite  solves  the  eejuation 

d  K 

- -  0  for  p, 

<1 1>, 


Kroiii  f<|uati<ni  Id  the  I'ollowin;:  is  oht;iine<l: 

k.  (t.OlOs  n  W 

ti'i  +  i'«)  p."  - ]" 

•  li  l> 


If  the  soil  vadues.  the  lareaiss  piessane,  the  loan!  and  the  width  of  the 
lire  aire  known  the  optiiaiiaiii  intlaation  pressure  eaan  he  found  liiain  e<|Uiation  14. 

In  ordi’i’  to  sa’pairatc  the  li^id  and  sidt  cperait ionail  eoaiditit>n.s  one 
liaa.s  t»»  investiii.de  the  eiiuilihrianii  of  a  towed  tire.  It  has  been  foinul  "* 
that  the  h-notla  of  the  that  p.irt  of  the  int»  a  faiee  is  tfieuie  .i  ;i) ; 

\V  1  I 

‘  1i  (p,  +  p,)  II  +  1 

As  I|  aipnaaelii-s  zero  (heiiee  p.-  vaiaislies  tani)  the  inllation  pressure  a)>proaehes 
a  oritieal  vailue; 

(ai4  1)\V 

Pi  rrit  - - :  tl'*) 

h  1  1) —  7.  - 


The  traction  may  in*  olitiiiiicd  if  •iiu>  into^riitcs  c<|n:itii>ii  lli  along  thf  wheel 
soil  interfaoe. 

To  timt  I'lnl  otic  Inis  to  expii's.s  j  in  tt'rnis  of  tin*  slip)uige  ami  geometric 
(liiiu-iisioim.  If  the  driven  wheel  moves  with  a  certain  slip  (i,)  a  i>oint 
on  the  wheel  ])eiiMieter  descrilies  a  loope»l  eyeloid.  The  parametric  c<iuation 
of  the  imth  is  the  following: 


rrt  —  It  .sill  n 


y  —  K  (I  — -  n>s«i) 


Kig.  7.  —  HiUilioiisliiji  Islwi'cu  n  loi'l  o'  for  a  ■Irircii  ulufl. 


If  one  introduces  o'  —  — «  llnoi  ^•l(lliltilm  17  liccuincs  (figure  ») 

s  =  K  .sin  a"  —  r  a' 
y  =  K  (I  —  vo.s  o') 


The  sli|)pagc  i.s  ilcfiiied  as: 


i  =  =  i-h. 

^  i  ^  I 


lUit  m-ciinliiiir  to  figure  8 


Tht‘  4>t>liiiati'  «>r  tile  et-nlt  r  tif  iiiiitinii  is  y 


■'*.  —  li'rlut lilt"  itirori'lii’iil  hihI  actiiiil  vi'lmilii'S  for  a 

•1  riven  vvheeL 

rii:.  y.  •-  IVliiiiliun  uf  pv 


llfiHM'  (-(jUiitioii  IM  may  In-  r«-\vritleii  in  tin*  fullowiii)^  I’orm  : 

“  It  —  (1  —  i„)  <t'] 

y  -■  It  [I  —  ros  a']  (10) 

Di-fiiu-  /^v  a.s  tin-  :iiij;l«-  at  wliirli  the  taii;;nit  of  tlio  tyrloid  is  vcitioal 
(,fi”un-  y;. 

Then 

/?,  -  CVS"'  — -  i-os"  *  (1  —  i„)  (20) 

A  in-iv  varialili-  fi  wliii-li  is  ilcnni’tl  as  fnllnns  (li;;nre  10)  can  l)c 
inti  nclueecl : 

ft  =  P,  -  a’ 

Then  eiinatiun  JO  Iieeonies: 


X 


It  [>i.i  (/3.-/?)  -  tl-i„)  ()?..- /3)1 
y  K  [1  -  .-US  {ft,  —ft)] 


(21) 


sin  \p,  —  fi)  —  •'in  yj,  —  -in/?  cttaft, 

since 

«■***/*,  ■  (1  —  O;  sin/?,  =  li  —  <»>-/?,  1 2  i„  —  i„-' 

Tliiw 

s  -  W  —  i..-  (■<)>/?  —  (I  — i„»  ('ill/?  +  /?,  —  /?)]  (2 


f^.R.  10.  xiR.  11. 

Kij;.  t<».  —  lirUVfi'*  n*  ni»'l  /?. 

n,  —  XilhtiMU'hip  lM‘Uvivn  jiml  j. 


The  clefoniiiition  nt  aiiRic  /?  ina,'.'  in-  rxjn cssril  ;is  ‘he  ilifiVtciico  of  x 
iiiid  (fiRiire  1 J).  .Nolo  tliiit  /?  -  0  ill  X  -  xj.. 

Thus : 

j  -  n  {liC  — r,.s(A"  /?.)  -  -  ■..,)  him/?,  — /?„)  t-  /?,  -  -  1, /?,  -/?„)! 

—  K  —  i,,'  ri»s/3  —  (I  —  i„)  (>iii /?  r  --  p)\ 

S<i ; 

j  K  {»'2i,  —  i;-  -A.)  -  •  '"^Pl  * 

+  (1—0  [sln(^„— /?.)  ^  sin/?  -1-  ft,  —  A,  -  /?j  }  (: 


Accortlinjr  to  fluUt'c  12  tht>  «iuifcflK«‘  is: 

J5  -  Z„  -  y  -  Z„  _  K  (1  _  = 


K'n;.  lU.  —  )(oll(tliiii<lii (I  luMni'i'ii  lti>»  .-iiikaci*  ni'  nii  arhitrary  jminl  uml  ft. 

TIuTi'fori- 

y.  -  H  (/?._/?)  —  ,..k/?„1  (24) 

rsiii^:  ('<|iintiiili'i  2:?  iiii)|  24  1(1  may  la'  iiiti'iirati-d  aldiic  the 

,S!)il-wlH  t'l  iiili  i  ! 

II  “  (<■  -I  jitna'I’)  (1  —  p  -  J  '*')  il  s 

—  1 1'  ( — j —  '■  I:*)  It"  I (;'?,  — /?)  — -  j 

I  (l-'.i  -  (.**,  - C'.)  —  '“'rl  + 

II  -  o  »<  ' 


1  (•  — i..)  ("in  "la  i»  a  ■“  ?ii  —  31 J  j  | 


Tlio  .slilfiii'c  ch'ltifiit  (tIA)  may  lir  pxi>r*'SNi‘il  iis  (ficui'P  i'l)  : 

.lA  IMi.l/? 


'ts  Inirizmit 'i!  |jrt)Jcpl iun  is  the  i-(Tectivi'  acea  (‘Icnictit  with  resld-ot  to 
I'.i'i  izmital  shciu  lllU'  at  ressi's 


Therefore ; 


H,  =  hit  +  (_p  +  k.)  K*  j9)  -  eu4j9J-  Uin4.  j 

I  -  —  { 1  i  l..  -  i,r  -  >..>  -  "«*  + 

M  —  e 

+  (f-iu)  +  ,.«{!  r  -  J„  -  >^}|  „«(^^_/})  ,I/S  (24») 

When  I’.,,  >/?.,  HiAvi  viT.  imiitli.T  i  lToet  h.'v.'»  #<>  he  ineluilML 

As  i‘;in  lie  s.  fii  »ii  14  llio  piitli  of  )H»i»ils  on  the  wheel  perimeter 

iis  !i  piisitive  X  l•lllupllnl•nl  ln'twe(-n  tlie  poirtt'S  1  aiol  2. 


'I'iius  a  ri'.sistaneo  is  onatisl  (II-.-)  <loe  t*>  s.:e:ir-str«  sses  on  seclion  12, 
while  tiiu-lioii  is  develoju'd  aloiiji  seetioii  2--/,  In  toiler  litnl  11-  one  has 
to  e.xpri'.ss  j'as  sliown  in  finuro  15. 


j  ==  It  I  ~  (1  -  '•"■'A.)  +  (1  — iv>  1  —  A>)1 

"tt 

-  U  llJi„  ■“  !„•  (1  —  ">s//t  -  n  i„)  l-in/J  —  ^)1 


Tlin.s 


y  —  .ns;T,)  +  (I  l'ill/7„  — -MO/?  4  ■?— A.)l  r.S>) 

'I'he  nsislance  is  then; 


11,  -  hit  ^  |e  f  (  1  k*)  U"  r*v-l/?,  -  /?)  -  lnu<t»} 


K 

—  e  ^  j  /h  '^P 


(20) 


\  ^  /  f  i  i  !  ■  .  ^  ^  \  \  \\  \\V  •>  /  '  vr 

^***  *■''  l»iii  nii'l  life  le>I  rArrift;*e. 

ftTciu-o  hrr.THst'  of  liiiio  liioiliitioiis.  K<|ii;il ions  24  :i  nnil  2(5  (Drawltni'  juill 
;is  a  funotioii  uT  slip  ilrisan  wlioi-ls)  woro  nsial,  lonvi  vci .  in  ninillii'r  piijiiT  to 
In.'  pi'fsrnli <1  liv  M tijiirisoii  from  llio  l/ainl  I  (n'l.nio'iion  J/alnn'iiloiy  at  tl»is 
fonl'i'iTiici'  («  Analytical  I’n'tliclioii  <•'  I’ci’roi'inani'c  toe  l-’nll  Kizc  ami  Small 
Seale  Model  \*e|iieles  -»). 

1)  Test  apparatas.  —  A  simple  earriaKe  was  l.uilt  (fijr.  1(5  ami  17)  to 
aeeoinodate  towed  tii'es.  'I’ll  eaniaiie  was  jnilled  liy  me. ms  of  ;i  ))a rallelof'i am 
liar  sysleiii  (A1.  lienee  the  lo;nl  (\V)  was  solely  supported  liy  tin  tire.  'I'wo 
load  eells  (15)  mounted  on  I'aeli  side  ot  the  wheel  axle  loovided  the  motion 
resistanee  readinus  wdiieli  were  recorded  on  a  Unish  loll-paiier  t>'pe  reeordfr 
(litr.  IS).  The  sinkaire  of  the  ei;rri;i;:e  was  delermimil  by  means  of  a  jioteii- 
tio.neler  itifr.  19),  the  honsiiic  ef  whieh  aas  firmly  attaehed  to  a  tixed  bar 
while  its  shaft  wa;;  free  III  follow  the  verlieal  mori  no  nt  of  the  eariiaj:e  (r). 
Tim  variation  of  th  •  earriao<'  siiihage  was  l■on1innously  ]ilolted  on  the  Ifriish 
reeorder  Used  to  "eeo”d  molion  lesistanee.  The  eleetile  .'’.rvanuder  (2.’))  and 
all  XV  plotter  were  inolinted  oil  the  test  ri(j  eiiabliii”  one  to  talve  soil  value 
I'eailiiiKs  ipiiekly  .and  ellieieiitly. 

2)  Test  pirocedure.  —  Ti-.sls  were  eanird  out  in  the  following  step.s: 
a)  The  Soil  was  loo.seiieil  by  means  ot  rakes  to  a  depth  of  IH  inelu's 

and  leveled  with  a  heavy  jibile  iiioiinled  vertically  in  front  of  the  ilynamo- 
meter  e.irriape. 

Ii)  I’eiiel ration  le.'.ts  were  perrorined  with  the  rievameti-r  nsint;  rir- 


cular  footings  >  atul  4  iiuli  (linmolors.  Th<-  loaa  vx  liiuUagp  fuvvps  were 

rocordcil  on  tlio  -\.V  plotter. 

c)  The  caiiiage  was  lifted  with  an  ovoihend  ernr.c  .so  that  the  tire 
hanly  tuinheil  the  soil  level.  The  insti imieiits  were  then  adjusted  so  that 
zero  iiiofioit  resislanee  and  sinkaKe  was  estahiished  on  the  recortler. 

d)  The  tire  was  then  toWed  along  the  hill  while  the  motion  re.si.stance 
wn.s  recorded  liy  the  two  loail  cells  and  the  carriage  siiikage  hy  the  pot(  n- 
tioiiiefer. 


17.  —  Skflcli  of  tile  tire  tol  eiirriiij;<>. 


e)  'I'he  actual  \theel  siiikafre  was  invasured  at  three  jilares  in  tiie  rut 
left  liy  the  tire.  (This  was  iiol  always  jmssilde  in  sand  heeaiise  ot  the  cave-in 
of  tile  riit  walls). 

f)  Tin-  load  and  or  the  inllatioii  pia-ssnie  w.is  elianged. 

g)  Step  a  was  repealed,  etc. 

Tests  were  also  run  on  a  hai\t  surface  to  ohiain  U.i,  the  detlectian  resi¬ 
stance.  1’hc  resistance  was  inea.Mired  for  the  .same  inllation  pressures  and 
loails  used  for  tests  in  del'orniahle  soils. 

Till"  ground  eontaet  area  was  estahlislnd  hy  a  sjieeial  teehnnpie  .since  tie,- 
high  lugs  prevenli'd  the  use  of  I);.  «  hard  surface  and  paint  »  method  which 
is  ii.su, illy  iisi'd  for  the  eX]>eriuienta  evaluation  ot  the  inagiiiludc  I'l  tlie  gr  iuiid 
eontaet  area  for  eon ventioiial  aniomohile  tiees.  To  overeoine  this  dil^ieully 
lire  iiiipi'iiits  Were  taken  in  sand  and  plaster  of  I’aris  was  jioiired  in  fae 
jniiit  niilil  its  depth  exeeeded  the  heigtils  ol  the  lugs  hy  I'l  iiH'li.  'I'lie  ground 
contact  area  was  eslahlislied  for  rarh.  load  at  ]trcssuii’.s  less  than  the  eriiieal 
pressure,  hy  measuring  the  are.’i  eMeh)se!i  liy  tlie  eontonr  of  the  dry  ])laster 
east  (lig.  20). 


—  ITtd  — 


■"Ij  Evalualiou  of  tests.  —  Soil  valiit  .s  \v<  re  rvalualul  l)y  us'm^  tin-  well 
known  tci-ltni(|nc  «-stiililislic<l  by  tlif  1..4iinl  l.iM’iiinotimi  IjiilMnatiny Sinct* 
tlii'  soil  vaint's  nl>t:iinc<l  in  sainl  a  vt  ry  lii^rh  nf  i-onsislcney 

nil  was  iinnli-  to  al'ply  statistical  tin'llimls  to  *>vahnit«*  a  hainl  instcail 

of  a  curvo  for  tlic  |iicili(tc«|  rc.sislancc  vs  intlalion  pn.ssuro  iclationshiiis. 
llowcvci',  <-cvlain  «UnicuItics  arose  with  the  evalualiou  «if  the  soil  vahies  of 
the  loam. 

Till'  averatje  motion  nsislaiiee  was  olilaiiud  hy  estalilishin^  the  menu 
iiiilinate  of  the  reeonled  enrvi.  The  area  inuh  r  the  enrve  was  foinol  hy  means 
of  a  iilallimeter  and  divided  hy  the  base  eonsiilered. 

Since  the  reeunhal  earriatze  siiika^e  is  tlie  Mini  of  the  tire  siiika<re  and 
the  ilelleetiuii  of  the  tire,  the  rut  depth  was  measuinl  .separately.  The  ililTe- 
reiiee  Iietween  the  neorded  earriatre  sinUatze  and  the  de|»th  of  the  rut  is  the 
deHeetion.  The  exact  value  of  the  siiikafze  is  not  really  eritieal  unless  one 
is  interested  in  hellyini:.  In  order  !•>  eorrelate  the  iiii-asuied  reslstanei’  curve 
at  low  pressure  ]>.  liad  to  Ik*  oluained.  To  this  end  the  jirouud  eontael  area 
(A)  was  evaluated  ns  deserihed  ahove  and  the  fiillowiui;  e(|uation  was  used: 

W 

- ^  1*4  +  P. 

A 

l-’or  pressure.^  lowa-r  ihaiit  the  «-iilieal  iullation  piasssure  (('(piation  l.'i)  the 
I'esistauee  was  jirediettal  hy  nie.-in.s  of  equatiou  It  (.se4*  fitjs.  '2'2-'li't).  h’or  hiiih 
luessuies  the  <'4|Ualiou  derived  for  riuhl  wheels  was  us4*d  (etpialiou  !•).  iu 
flu*  east'  4)f  a  rieid  wins!  the  llu'oretieal  ivsistauee  does  not  ih'pi'od  on  the 


iii(htnoii  |»n>ssun\  tlnis  tin-  is  n  In.i izdiifjil  liiu-  for  p,  >  p,.r.  It  .si-iiiieil 

to  1)0  julvissil)lr  t«i  Jivoid  siltoiiiiil  to  piitlii  t  tho  for  iiillatiou 

Iirossui-rs  slifthtly  Inlow  tho  th<-on-ti<-al  ii>tical  prcssutv  l)crausr  the  as- 
sumptitm  of  Hat  smuixt  wninrt  may  not  Ik-  just iliahli-  for  lliat  rasr.  Tl\i'ro- 

foro,  tin*  pri'ilii'toii  rrsistaiuM*  Viiitu*s  for  low  jnrssiiro  woro  coiinrcl nl  liv  a 
stratKlil  lino  willi  tlio  «  rjohl  wln-o)  n  sislaiico  »  at  thi*  oiiliral  prossiiro. 


0  zoo  •:C0  (00  SOi)  loOO 

Lo&d  tibr ) 

‘Jl.  — •  Tv'iict^l  lojitl  \i>.  >*nikM;»e  nirvo  nUtuitM'«i  in  Uk*  l**«in  in  wl»it*li 

tire  to>t>  were  jM'rrnriiunl. 

It  lias  Iiorlt  olisrrvt'd  l>y  llio  nritii  llial  wlnn  a  wlirrl  oiiriaUs  in  a 
so  oallrd  iMnIti-layrr  soil  •- lUatioii.s  prosi  iitrd  .in*  not  .ilway.s  apiiliraliK*. 
A  iniilti-Iayrr  soil  may  noi  I-.*  l  iiai aotoriz'  d  liy  a  sin;jlr  si*t  of  siiikat;o  jiara- 
luotrrs  if  till'  ia\rrs  iiro  si'.aliow.  Tho  loam  soil  in  wldoli  tlir  T.OD-Ki  aiul 
tin-  14.(10-20  lire  \vi*ro  run  j»rov»-d  to  lx-  of  llii.s  )iartiriilar  nnilt i-Iayor  rlia- 
rai'lor.  A  1y|iioal  iirtirtratiioi  ourv»*  as  sliown  in  fifr.  21  will  ii  vral  that  an 
rxinissioM  of  Iho  form  j)  kz."  is  not  suitalilr  to  rcinosrnt  tin*  virtical 
stri'ss-.slrain  r<’Ia1ionslii)i  for  that  -s)»il  rondition.  Work  has  lircn  started  in 
tlio  J.aiid  iaironiotioii  Laliorafory  to  dovisr  a  lioomotrio  motlnul  to  solve 
this  prohiciii. 

4)  Discussio'i  of  test  results.  --  I’ho  niotinn  rrsistaiu'r  as  a  function 
ulMiiMation  iircssnn*  22-2t:)  varied  arroidino  to  Iho  trend  jiredieted 

by  thi'ory.  At  hi^ili  inllalion  |>iessures  tlie  tire  dors  not  deform  in  deformable 
soils  ami  the  resi.-.t.'inee  only  depends  on  the  load.  It  the  inllatioii  inessure 
is  lowered  below  the  so  ealled  eritieid  i)res:inre  the  resislanee  he^’ins  to 
deeiease  and  reaches  a  mininmni  value  at  (see  eijnation  14),  At  very 


Ion'  piTssmi*  Ihf  (vsistiiiKT  iii<-n*;is»'s  due  to  lii"Ii  liysh-n-sis  Ioss«-«.  Tlio 

liittor  frctui  w'jis  i-Ioarly  slionn  in  rffor«*iir«-  50,  Dnrinft  the  tost  sorios  pro- 
scutod  in  this  piipoi-  tin-  inihitiim  iM-r.vsure  was  not  r«'(!uc<sl  ln-!o\v  tlio  ojiti- 
nitiin  It  is  intoi'j-sfiiii.t  to  note  that  the  siiik:i{n*  is  {M'actioally  iniToiM'iuIoiit 

of  tho  load  at  low  inflation  pn-ssiin-s.  An  im-roaso  in  loml  rvsnlts  in  more 
tloronnatioii  while  tlte  sitika^re  anil  lll■nl■t‘  the  Inilk  of  the  resistaius*  stays 
eonstuut.  The  iiu-ieusi*  in  |•^■sisl;^nc^.•  is  ilcte  to  an  inere:iM*  in  the  ili'fli-etioii. 

coo 


soo 


V 

V  400 
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Fii^.  --  Koi.'liUH'c  ill  f liiH'i iMii  Ilf  jiirlaiioii  fi»r  u  II.i'd-jN  convt'iiliMiiul 

trarJ'^f  I'lrt*  in  Mtrul. 

.This  eoiidit iiili  jiii  vails  (williin  the  limits  set  hy  the  tire  ;reomelry)  tinlil  the 
ilitlatioii  loTSMire  reaehes  the  oeio|il>oi heod  of  the  erilieal  iiressurp. 

It  is  helieveil  that  the  i-ritiial  pressure  is  a  veiy  iiiijenf ant  ojieratioiial 
eliaraetei'istie.  .sul't  tire  ilefonns  rather  than  sinks,  tints  yiehlinjr  less  re¬ 
sistance  and  iiioic  ground  eoiitaet  area  than  a  rijiiil  tiri'.  'I'lte  ailvantaj/c  of 
ii  soft  tile  may  mdy  he  eNpluifeil  if  iiillatinii  jacssiire  is  l>e!ow 

iiitiejil  jiiesstlre.  'idle  t lieoiel iial  value  of  the  eritieal  iiresstire  ina.v  he  ftuinil 
if  the  l•ekkel•  soil  valtii's.  the  loatl  and  the  tire  "eomelry  is  known  (i'((na- 
lion  la). 

'Idle  eorridalieii  helween  the  ti'sted  aiiil  preilief eil  etirves  may  he  jildeed 
sat  is  fact  ory,  espieiall.v  if  oio-  eonsKhrs  the  "teat  miinher  of  assniiiptioiis 
introduced  in  iJii'  theory  in  ;iii  attempt  to  keeti  thi'  solution  on  a  praetieal 


—  TGI  — 


IV)  Conclaaons 

a)  It  Is  bflifVftl  that  tho  us«-ruliii*ss  of  cniitirical  si ri-ss-str.iiii  corves 
ill  pmlictiiiK  vehicle  iH-rfoniiatiec  has  1ks‘1i  ('oiiliniictl  hy  iliis  work. 

h)  Tile  notion  «»f  critical  |n•^•vsl^r«•  is  4>f  pui-anioinit  iinportancc  when 
oiM*  Httvnvjits  t«i  cross  a  parlicularly  ji«lv«>rsc  terrain  with  whccicil  vehicles. 

c)  Kiiualions  it  aiul  l:t  show  that  a  narrow  and  larsii’  diameter  tiro 
enctnuiler  less  re.sislancc  than  a  wide  and  siiiall  one.  In  other  words  a  longi- 
tiulinal  ground  contact  aia-a  is  faroiahic. 

d)  As  for  driv«-n  rijiijl  wheels  «»iic  may  concliide  that  there  t'xists  a 
slipliage  ilctci'iuincil  liy  Ih*-  l«ia<l.  the  oismietry  and  the  s.>il,  above  which 
the  increase  in  drawbar  |tull  is  «ifT-set  by  the  «leciease  in  tractive  eflieicncy. 
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lit)  Kvrr  K.  i'.  A  tl''’«i*4ii  f*»r  Ihc  applivatioo  <*1  piu'ntnaliv  tlrv'  to  vok’o  K's  miUmoUnI 

for  itlT  ron'l  “iTvior.  Aralt‘;mi  Anivrii’aii  f>il  Hi-mpuuy,  IHAA, 

17)  Vlinpoiix  K,  I’lKMiinui ir  pour  Vfkiriilos  .'“•haricn:*.  Kiij^invor  ii«*  L '.\ul<»n;olvilk 
Vol.  XXNII,  No.  I!,  1S»;V.». 

IS)  Hiol  hNxiis  Mir  piitMi.^  |«»ur  u-.i*  tvur.-*  inihiciive  la  .'Iruvlnro  fic 

In  (.■arrii>so,  IJ.  Cl,  C*,  Vol.  .iii,  N»». 
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UO  Reo«lH  1.  K.  TrsiM  «if  rmliiil  j»iy  ihk)  couv-ciiUmuhI  tirr.«.  Pr<>>cn(«.Hl  At  tlie 

m^liou  «f  the  ASAK  «n  Traci  ivi*  and  Trnn>|n;r(  Knicicucy,  nt  the 

Nnlioiial  Tilla^o  AuUiirn,  Ala)«uiiiH»  ll^Ut. 

:!t>)  Richer  T.  II,  TiH*h»ii|iiO:4  «*f  ficU  cinupHriMins  nf  lrufti>r  tire  crticiciicy.  l*ro- 

:H*ntei1  at  the  meeting'  uf  the  ASAK  I'lHninittie  on  Tractive  tuni  Traii>iKirt  KfH* 
rienry  at  the  Xatiuiiitl  TiMn^e  I.Ati«»rnl(>ry,  Anlnini,  AlnlmniH^  I'.mIm. 

21)  Upjje*lnH  K.  KvAliinliuii  iif  nm.tnal  lire  nniilel.  Report  No.  (id,  I.Jiiul  I^ociniiot iun 

Kahi^mtiiry,  OTAi\  IVtroit  Ar>«‘iial,  tVnter  Miclnuiui,  IlHlo. 

22)  SihHOme  W.  The  TrnnMniss'nm  of  f«»rce  holwei-n  truelor  tires  ami  furiu  >oiU.  ('m 

(leriiinn)  iter  KniMllechink,  V'ot.  .*1,  lito'J. 

2^t>  IlAilekel  K.  The  nieelnuiie;it  cliAf«clefi>ii^'*  of  pitoini.it ic  tire'*.  l>MiL‘*i  !;y  T.l'.A. 

^  T^'chnhnl  Itifoniial ion  Unrean  for  t'liii'f  Scieiiti-t>,  Mini-^lry  of  Siipply,  ll»t4. 
24)  Jli'j;e*tns  K.  Pre-isure  «li>iritoiii<iii  tiioler  u  w  !o*ol.  'I’o  ho  pnl>li>he<l  hy  the 

l.uiol  laK*«»iio*ti«»n  l.nlHifiilory,  (>TA(‘,  (‘enter  l,ine,  .Ml*‘hiiiaii. 

?*.l)  I*nvlie>  K,  OTA(‘  I ji>trainei>ls  f«if  tin*  inenMirL-ioeat  of  phy>ic:tl  >'»i)  vahn*-:,  paper 
No.  4.  ItescHfch  t{e|M)rt  No.  l.oeonotl ioa  l.ahonitory,  DlWl’,  (N'litor  Lino, 

^lirhi;^(in,  |»n;;e  No.  4(1,  IRo*** 

2(>)  Jano.^t  Z.  atol  lintiaiiioto  It.  The  Hiiulytical  •teterniiiialion  of  tlin\\har  puit  tis  tl 
fuiieii«in  of  >!ip  for  tracke<l  vehi<'U‘>  in  ileformatilo  mmIs.  Paper  presferitcol  at 
the  ^  Kir>(  International  ContVfciiie  on  tlie  .Mecliaiiic.s  t)f  Suil  Vehicle  Wyslcin.'*, 
Turin  (IirIv),  linil. 


j)  /  6  c  r  .S’  s  1  0  .V  6' 

R.  D.  WISMF.R  and  M.  E.  SMim  -  Tlie  sin.ly  m  lli..  i.ci  lorirmncc  of 
|>m'uiiiiitic  liios  uii  niiilila*  .soils  is  <|iiii('  fomiilcx.  In  lliis  intt  i iirl ion  l)ut)i  thu 

soil  tinil  tl'.e  tire  yield  niol.  as  is  well  known,  the  irlativo  iimoiinl  of  cli'llcLdion 
of  each  Jiiiiy  liavo  a  |•ll>founll  elfia-l  on  jh  i  loi  niiiiu'c,  Mr.  .Innosi  lias  rliospii  to 
aanlyr.i-  oio-  asiMst  of  this  jnohlrin.  that  of  the  lowed  jineniiintic  tiro  nt  various 
iidlation  |iressnre.s.  and  in  doiovr  .so  has  iiiailo  a  very  woilliuhilc  eontrihution  to 
the  lather  mender  ainoiiiit  of  in forniiit ion  on  lliis  siihjeet. 

However,  n  fiindaoientai  ns.snnij.t ion  in  Mr.  .Iiuiosi’s  analysis  of  imeanintic 
tire  jierfornmnee  is  that  the  veitii-al  ]ire.-.siire  uiider  the  tire  ntiiy  be  e.xiuesscil 
by  bckker'.s  piv.-siire-sinka^e  relation 

t>  -  (-^  ^  K.)  e 

He  ohiains  the  soil  values  k,,  k.>.  and  ii  umiI  in  thi.s  relation  fioin  jilate  iieiiclrafion 
tests.  Ideally,  the  j>r»'ssiiie-siiika"e  n-lalion  lor  jiliiles  with  dilfeiinit  diincnsiuns 
dcserih'.si  a  family  of  pniatmlas  wliieli  plot  as  parallel  siraiolit  lines  on  loi^.arilhir.ie 
jiajier.  one  fur  earli  plate  (see  linare  1).  The  slojio  of  the.so  linc.s  is  tlie  eoellieicnt, 
u,  while  the  prcs.sure  inleoept  at  1  i.s  the  eonstaid  leini, 


The  plate  .si/c  term,  b,  i.s  the  widlli  of  a  reelnn^nhir  ))h\le  or  the  nidiiis  of  a 
eirenlar  plate.  The  two  terms  k..  and  k,  are  ohlained  liy  soinlion  of  sininitaneous 
e(juatioii.s  or  by  gmphienl  eonsinielion  (see  Pivpirc  1). 
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— •  I’lato  IMMu*!  r:»i  \  utt.a  -iinil. 


S«niu’  liav<»  ra|M»rti*»J  rwi^hirialiK*  «lilhi'ii)!y  in  i»hi;.*nin'4  irlinMi* 

viihus  111  k.,  Mini  ii  Irnm  iNiirl  i  at  imi  I^H/4liiiau  am!  laa*  (pajuT  Na.  4) 

<'iuiiunl('H'(l  ji  t rrnu‘ii«luu>  tn  va!m>  uf  k,.  ami  k^  in  tJinr  ^\^»rk  willi 

lai'iist nm*  rlay;  Sulnu’  jiml  Sniincn  *5'! I  Vnnml  that  j>  ilid  luit 

adi'UMMtrly  llu*  |/rinlniti<»ti  rniM-  in  un  :i;4r>«'iittural  .-oil;  St<-iiilinuM:m' 

(|>ii)M’i’  No.  .<))  oiilaiiual  vatiii’s  «»|  k.  in  -am!,  nlllnni^h  ha  ummI  an  nv«ra*4C 

ol  at  lt'nr>t  >i.\  drl«-riiiin;\tiim.«»;  ami  Mirk-  tjMjhT  Ni*.  II)  n-Minn'd  -=  O  for  Mind 
ami  usiai  oiilv  oih*  ]»!;»!♦•  si/.i*,  lUiTfliy  «'lifn;rMlin!4  ut  tin*  ililVnaill  ins  of  tlu* 

imahoil  wihrli  liavr  ]»)ai:iiril  nlhia*  iiivr>1  i4.it«>r-*4.  K\rii  ilr.  dami.-i  rr]M>riril  diHicullV 
III  nlita)iiiti4  rrliahlt*  .■'Uil  \alin':«  in  tin*  lo.iiii  Mill  i!i*>*'rihiM|  in  Ins  ^I'ln*  Aiiii\' 

MoUility  Ui-.-t-airli  (AMlIt*)  ii|  the  \  .  S.  A.'iny  Kiicinri^r  WaliawiiNs 

l-N|M-nMW'iLl  Slfitinii  has  mImi  foiiml  lln*  |'rt'rw.iir»‘-.'‘iiika;4«'  ridiuioa  iP  In*  ilinnisisirMt, 
Ms  will  hr  i]is«:u>scil. 
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SINKACZ  in  inches 


a 


Q . O  1'^  >1'  'I'"!"  ^ - '''""I  I'l'lt'-’ 

C', - i  j  4.0  ill  iliHiii  iilitli* 

Xiilr:  PrinuTl ir'i  <if  llir  ?*nii‘l  ari*: 

c  =  II  y,MiM  =  i.ivri-  rv 

ai  =  :io-  :is*  YMin  =-■  i"''  t  l  rr 


V’ii:.  4.  —  J’Ihi.'  I'i  ■hrlliiliiiii  ^■llrVl'y,  iiiorliir  riiuiil. 


l’rcr<.'.iirc-siiikiijii'  ruivi's  Imvo  lni-ii  iIivi-UiihmI  liy  ilii'  AMUC  I'ur  a  Anno 
from  Yiiiiin,  Ari/min,  uml  n  inorlur  miinl.  Hnlh  sninl.'  aii'  i'ln.-.>irK'il  SP  on  tlio  liii^is 
of  the  I'liilioii  Soil  I'la.ssilirntioii  Sy.^toin  -'.  Tlio  );ii\iii-.'-i>'i’  Ai>l  i  ilml  ion  riii  vc-s  for 
llii'^o  .'^iiils  aro  ]irr>i  nloil  in  li^iiro  2. 

T,v|iiriil  |in'.iMH'i'  !siiikiij;f  l  urvr-.  for  jiliilo  |iriu  Uiitiiin  lo^ls  nimlo  in  Ary  (nuiistnre 
I'uiiUiit  iliMii  1  jH'i  I  Till)  Viiiiiii  i^anil  iiro  iiro-i'iiti’il  in  ri;,niio  ;  .liinilnr  Aiilii 

for  lotiln  iiiinlo  ill  ilry  imntHr  >;iiul  aro  |lr^•.■•^nlOll  in  Hj^iiio  4.  Tln'^o  data  roiirosoiit 


T«iO  — 


II  rmifio  o»'  M>il  .•.Iii'iil'IIi  iiimI  plalr  All  llip  ilnln  Wpir  iihtniiipil  vrilh 

liniilar  |)liiti-.s  hut  Ipsts  iisiiiji  u‘i’llinfj<ilnr  |ilnt<^  |inMliii-p«l  .siiniUr  nvsiilli. 

It  i?*  ii|<|ii>i'('>it  tliiit  tlip  riinrs  for  ililTomit  jiliile  sizp.s  fmss 

fill'll  ollifr  mill  iiif  (Kit  .Ntriii"lil,  |>iiiiiinliiily  for  .-.uiu!  at  iiiliTiiii'iliiile  nml  high 
ilfiisitifs.  Tims,  k*,  mill  ii  ii)i(H'!»r  to  vary  willi  thp  size  of  llio  hpHriiig  nirn 
iiml  pvfii  willi  till-  siiikticp,  x. 

Hfkkc  r*s  assumrti  rt*lnli«in  :i|«|ii*nr<«  l»  Ih*  a  vtiliil  ttpitroxihinlum 

nnly  f«ir  s;wu!  in  a  vrry  4a).  AlUiuii^Ti  iLc  jircssure- 

si(ikii;.;i*  emves  cios'^  rai-U  ollifr  mimI  »r«‘  <*urviM|  (or  tliis  i-onilitioti,  the  ilata 

oould  1)0  an|-ro.\iiiiat<Ml  liy  a  >liaii:ln  Uim*.  1‘his  woiiltl  saiisty  tlip  aaMimeil 

l>ro»uro->inkai;o  vtlatinn  willi 

Tlio  Miil  valiii'.^  liy  Mr.  k,  ~  O.'t  to  I.”)*  —  .*t.5S  lo  5.0, 

n  “  O.SO  III  l.ll)  liavi'  Iuth  i**  Ic-ils  l»y  iIm*  AMI{('  to  <*orro>j>iiii»l  ajiproxi- 

nialcly  In  an  0-  lo  li-iii.  avet  auc  iinlrv  «1  1G  ( >«-4*  I'li'iiro  4  a).  Tlil.s  1.-% 

voiilu'il  hy  U'si.s  h'IioiUmI  Iiy  ^  in  whii-li  ii  >4ilh  an  0-  (u  6-in. 

avi-iai^o  loMf  iihli'S  <»r  17  muiI  \aliir.s  nl  k,.  —  0,  k^  =  4.'^,  unit  ii  --  1.01. 

Tlii>  n*|ii I'.si  nt ,N  alioiit  the  1oom*>I  at  \\hi«‘1i  sainl  i-an  exist -eh'ini  in  tin*  lahunitorw 

Ol  itidie  (tian  lOOll  h***!-'*  r«nilnt*l4**t  liy  tile  A^II^C  in  iintnral  bpHoh 

ami  siiml>.  only  lour  ifistnfn'i's  ueie  nionlnl  oT  an  0-  lo  O-in.  nv(Ta;,rc  ronf* 

iiiilox  tnnn^  tliaii  UO  \\  lu-ii  till'  nml  "as  not  ijininlaliMt 

lUMMotillAIMIV 

i)  ('/ako  T.  ami  K.  f'h*  •••  al  nii.l  >ntiw  values  fnr  the  lieleruiiiiation 

"f  \ehirh‘  inutinn  e.  Ivf'eareli  Ueptirj  No.  ’i,  I.Mint  I .nronioi inn  I<i*>ear<‘U 

Itraiu'h,  (’rmi-rlitte  .\! iihiyau.  *5.  I*.*5h. 

-)  W  S.  Army  Kii;iiiu  rf  \\  nt«  rvv«4  •  lAp*  rinifiil  Sintiun.  t’K.  The  t ' n i fietl  .SimI  L*lni^- 
>ili<  ntiu)i  S'.>h*ia.  'r‘‘''hiii*‘.*il  No.  \  ii'k'l'iirj;,  Mii^sis.vinni, 

-Mnnh,  ll'alJ. 

^1)  .liinosi  y,.  l*re<tii‘Utin  of  -  WliM  e»»iie  ttolex  «  lo  Tiieitn<<  i»f  a  >l  re'<.H->l  rain  function 
ot  soils.  lU'i'orl  N«i.  4‘».  I.nu'l  Ian  MinotM»n  I .alM.fHt toy,  t  Viiierliin*.  ^Ii<“hi^nn, 
PI*.  I  a- 17,  i'a.v.i. 

4)  Kir)):tli  S.  .1.  r,  S.  Army  lonjMO'iT  Wai.f^avn  Kx|MTinMiii  Stnli-in,  c  K.  A  .'iimninrv 
ol'  t  rallii*:t)iili}y  stmlies  thfoiij'h  'rei  hnir  nl  Mi'inorainiuiii  No.  1*40,  14th 

Sjippleinvii  t,  Vii'kshii  rj4,  M  i^*l*'**ppi.  I  Vecnil»|.r.  Il**)t*. 

.1)  Kush  K.  S.  I*,  .s.  Army  Kii<it»e**r  \V;0*TUMy?»  Kxperiment  Station.  V’K.  Te>t  on 

eonf'e -j^raineil  M»il>  wittj  yi-lf  aiol  towe.l  \ehic|e.<,  11*711  nnrt  111.57. 

M'efhnir/il  Mt'inornioliiiii  No,  .1  J4»»,  StipjiU’inetit,  \ak>lnir^.  Missi^nippl^ 

June,  1P.')0. 

Z.  JANOSI,  —  Ij  t  wonhl  like  m  "aj)  Oial  the  plunonienon  Dr.  Siiluie  rejKntetl 
on,  dillik'iilt les  in  ('<‘rt:iiii  ItntM*  >o)l«*  leiilly  «*xi>l<.  lliis  is  wliat  "e  eatl  the  intilt i  Invor 
soil  wliieh  e\hiliits  tlilTi-n'iit  proiMilii''  fs  the  ju‘notr«»meU*r  >itiks.  This  tan  he  le^'islerctl 
!».v  the  hevjnneter  nml  we  luive  to  U's-iirn  two  «*r  inure  sets  ol*  soil  vatms  |\)r  llmt  .soil^ 
hnl  I  have  to  mlmit  that  llnm  the  analysis  of  .sinh  a  soil  lM'et)jnes  im>rc  diilu-nU. 

*J)  k,.  ean  taki*  a  niiims  value,  nml  there  is  loilhinj:  wronjr  la  this.  V\v  have  to  be 
lomeiiu’tl  iiiily  if  lk,/h  -t  k^)  allMi^ether  lakis.  a  inimis  value,  whiih  I  haven  not 
seen  to  linppt'n  y4>t. 

Nov.',  a.s  to  till'  (lillieully  of  lUrihrlin;:  l!ie  sinkuize  of  n  wlieel  in  -iml  1  have 
to  say  tile  loHov  iiiic,  ^Ve  wore  \i<il»'*l  by  some  ut  the  en*,:ineers  trom  ^”i.•kshnr;;  who 
ejurunl  out  a  ;:nat  nninher  of  tife  fest>  just  before  tliey  visitc'.l  us,  ami  they  tol^l 
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nie  nlml  fttllows.  By  runsitloriii^  the  hirin'  niumiiit  of  lUitn  uhtniuoil,  M't  up 

the  folloufnjj  equation  for  sinVa'je.  Iiase*)  on  tliese  ex]i<-riiiiniliil  (hilii ; 


Z 


P,  +  1*, 

[ - ’ 


I  ilo  not  reiiienilier  whi-tlier  the  I'nrior  1^7  is  qiiiie  eoriocf. 

I  uas  to  s*v  lliLs  (xiunlioii  in  nhich  P|  is  the  inlhitiim  iirr.-Miro,  1',  is  the 

e.irniw  pn'sMire  am)  f*  is  the  isme  iioles.  Tin*  ome  iinh-.x  is  .il'ii  n  mcnsitre  'it  soil 
strength,  as  fc^,  k,  anti  n,  so  arliintly  utiat  they  Iniil  Wiis  n  mnsliiiil  times 

niy  equation.  1/n  was  in  their  ease  1.27.  So  J  uiis  very  li:iji|iy  lliat  llii.s  e(|iinlioii 
was  Coiirimietl  liy  titlier  iuvt‘sli“:it**rs,  aii«l  is  wa.s  iilso  eoiiliriiietl  liy  a  Uiissiim  .sciciiiist 
ill  iinotlier  imper. 


E.  LETLAIVE.  —  ,Te  veils  inetiliuiiiior  tres  liriev eiiuiit  ileus  |iiiliils: 

1)  1a  foniiiile  qai  est  ntili.sh'  ihitiiiniil  In  eoiilraliile  tie  i-i<iiilleii'ieiil  iiiii.siiiiiiiii 
cst  lri*s  intcrcs-siinlc  |>ur  le  fait  i|ii*elle  fait  iiilersenir  les  ilel’iirHialiiuis;  il  I’iuit 
remaniiicr  tT|>entlaiil  quVlIe  n't  4  vaitiitilc  qiie  .siir  h-s  tlirei  lions  iimir  lesiiiielles 

T 

|>  +  e  etiljr  if 

Csl  iiinsimuiii.  eVst-aslitr  les  lioiuis  tie  jtlissenieiil.  l.'Aiileiir  ile  la  i  iuiiniiiuii  ill  iuil  n-t-il 
ties  elviiielils  esi'eriiiioiitaus  qni  !e  ii'liseioiienl  siir  les  iii,’iu's  le  li'U,2  lU’siinelles  I’iiile- 
gniliun  jiciil  etre  fiiilot 

.le  iiiV.SfUse  si  la  ri'iiiinse  a  eeltc  question  e>l  evoi|iiee  ihiiis  )n  riuiiiuilliiinl ioii 
ts-rile,  limit  jo  ii'ai  pas  eiieore  pii  premlre  tstiinaissanee. 

2)  .I'.ai  ele  I  ft's  iiileresst;  j.ar  riiiterveiilimi  tin  l’roli’"i'ur  lli'ci  e;  je  .siyimlenii 
seiih'iiU'lit  qne  les  plieiioiiieiust  qui  out  ele  tlei  rils,  siir  I'l  lll^.|•^■l•uu'lll  iliins  lo  sol 
il'ilii  iilijel  lursqii'il  est  .souiiiis  a  iiii  elTmi  liiiri/.miliil,  ii'n'tsiimi.Ienl  lout  u  I'uit  aux 
re'iilliits  ties  nileiils  tie  foree  |uirlanle  iiieliia'e  elTeeliu's;  tliitis  rii\)M>tlu'>r  tie  la  I'liislieitc 
itleale  flns-iquo. 

W.  L.  nAlvI.;iiON.  --  Mr.  Tiiihhull  hus  t|iiislitiiietl  lay  tiliilily  lo  olilain  giiiul 
I'l'siilts  frt'iu  stress  strain  riirves  whose  lt>':iiritliii<i<-  pluls  ate  !iot  -Iraigli!  liiuvs,  hii!  ratiier 
w'tTC  seemingly  .stallerisl.  'I'Uis  i|iitss|ii>ii  has  heen  ttneretl  in  ililail  in  iiiy  lt'|iol'l.  It  is 
foneenitsl  with  the  proper  iiilt'r|>relal ion  tif  ilie  soil  stress  sli;,in  tui\i'.  .\s  1  sinle.l 
ill  liiy  pajM-r.  ns  luiiiiy  «s  tlins'  trilTereiil  sets  of  stiil  values  may  exist  within  pl'Cssure 
limits  Ilf  I  III  10  psi.  It  is  improper  to  fair  one  siniighi  line  lliioiigii  iho  points 
vtilliiii  the  enlirr  prt'ssure  range.  The  groiiiul  pitssSirr  of  ihe  Veliiete  ivliieli  will 
operato  niTtiss  the  .soil  iletenniinst  wliifli  .set  of  soil  values  to  nsi>.  If  this  ])ioieilnre 
is  fiiilowtsl,  gooil  results  eaii  tie  oh'ailieil  i  oiisi- leitlly  ill  Iilt'i'iiling  M'lliilc  lU'l'Ioi  iiiiinio. 

F.  It.  UFFELMANN.  —  1)  .\s  n  slalie  piotilem  on  the  Inv  i'il  wliei'l  tliore  iiiqienis 
III  he  no  jiislirii  alioii  lor  tlie  eiileutaf  ion  of  an  «  llu  *  foMipiiiient  of  rolling  lesislmn  e 
(line  to  linri/oninl  stress  i  iiiii|>iiiii'iits  over  llie  iirm  of  fiinlai  t  of  Ihe  rim)  ihe  total 
rolling  rf.sistaiiis‘  heiiig  istfiiuufetl  in  Ihe  «  11,  »  eiini|ioneiil  (line  lo  ihe  veiliial  ■'Iri.'S 
ilisi rihiifioii  ml  the  rim). 


2)  TIh*  I{,  (iiiniMiiii'iit  is  ns  n  l»>r(|iic  n''istniit  H,  1)  Dpimsins;  \\  .f  where 

f,  the  horirsMitnl  iii-tiuti  <Usl;>ni-e.  h:t'  Im  tii  <  siriiliilcil  from  Die  nssnmed  vertical  stress 
ilistrihution  on  the  rim  triven  hy  lliv  Hi-kker  siiikno,.  si ress  rclalii'iisliip.  The  use  of 
n  tnic  vertical  notion  distniiiT  (tit  lii-tcsil  of  wmilil  liiw-’  miiciiscil  the  mintcrienl 

value  of  this  lentu 

:t)  For  the  estinuite  of  ih.-  li-nr.oiitiil  eh  inontiil  stress  is  stntcD  to  he  the  (verlicnl 
elemeiitnl  stress)  •  Inn  n  where  n  is  the  iiiicjle  of  sinhiijjo  of  the  clement.  There  appears 
to  I»e  no  jivslifiention  foe  this  nssninption  (:in.l  which  iiuleeiT  means  nil  infinite  Iinii/.oninl 
stress  nt  «  -  Dll')  parlienhirly  as  i.ic  laii^eiil nil  rim  s|ics,cs  linve  hccll  ncciccleil 
ami  the  n-snllnnt  elenieiiliD  striss^-s  .-.miiol  all  he  ll•■^lla1  to  the  vim.  .V  more  rcasonnhlc 
nssumption  for  the  eahnlaliim  woiiM  ha\e  I.ecii  lo  asMime  a  va.linl  piossuro  ilisirihulioii 
as  iiiensurcJ  liv  I’rof.  Viiuriit  in  paper  No.  4(i  when  ihc  scparale  icsiillant  lorec 
roinimnenl.s  ami  their  aclion  tlisiari.es  nml  I)  coiihl  he  esiimaleil  wIDiout  tho 

orrtHiriniH  t.iil  rt  ft'.-viiiiil'l 

.Vihlitional  .shl  errors  h.iv.  ... ciiri;-('.  in  Dw  ciih  nhilioiis,  Ihc  most  imtieeahlc 
lielnj^  the  r*xpressioii  for  Ian  o  s.n  p.ii^e  •  l-k  Ihis  erritr  hcue\‘ci'  has  Ik.!')!  itvlifietl 
in  ditiaiion  8. 

5)  In  view  of  the  alnive  in.lic;.:..!  iiiisealciilalioiis  it  is  ihllienlt  h>  helievo  the  close 
attiX'cmcai  with  e.\i>crimeal  ii'iiis  i:*:'  s  ii  lini  il  v  lolhno  resistance  loi  innla,  reported 
hy  Mr.  Ilnrri.son  in  paper  No.  -I'>. 

F.  FAUSTI.  —  Mr.  .lanosi  pe.n.l.-  in  eoiisi.h  rn/ioiie  la  nsisleiiza  al  riilnlainenlo 
<li  due  pneiimaliei  della  inisiira  ll.r'O.'Js,  imo  di  lipo  eoni eiw.loiiale,  I'altio  radiah': 
dai  din-nimmi  i.uhhli.ali  n.'lta  rela/i..ne  lisiDla  ehe  i-ssi  avield.eio  aH’Ineirea  le  slc'sc 
ciirntlerisliehe  di  ris.isleii/'a  id  roloh.niem...  Non  veyliamn  dismleic  il  nutodo  di  jiroMi 
iisiito  da  Mr.  .lanosi;  pcraltio  dohhanio  sollolineaiv  ehe  mile  orinai  nmnevoM-  ))iove 
eondotle  id  ttillo  il  mondo  dai  primipall  feiilri  di  li.eiva  per  |•.\:;lie^dtnra.  in  resi- 
.sleit/.a  al  rotolamrnlo  delle  eoperlntc  einliirale,  ed  in  ueiicre  <lelle  ladiali,  i  isinia 
troMila  ecistaulenwnlo  infenorc  a  tpiell.i  ilelle  .opciluie  . .niven.' nil.ali  nella  inisnra 
del  10 -20^^,  N'oylio  <|ii  eiiare  s..!.vniile  le  prose  eolidolle  dal  Naliotial  lii'lilute 

of  .)'.:rieidlunil  Kn-ineeriny  di  .-^ils.--.  Knylaii.l. 

ri  i  )’i‘r  ulti'iH*!  )  in  I  tiDiui/iinii. 


Z.  JAIVOSI.  -  I  :  :i\  t*Mt  iiiih  Ii  i’.i  oDl  llli.-.  I  i- 


:in  ni;l\-  k:iv  tliat  wc 


i‘arriCil  *>ul  .iml  ''v  itn;*' 

I  think  IIkiI  :i  ni'tini  vh  ‘‘r*’ 

(Mio  fit  low  |>rf»nrr-i,  U 


I ii'c  ^.ilurs  I'lM'l  i*  |tlt)t|(<,l  them, 
.ivf  liik^hi*!'  nifiJiuM  ri'-si-'.l;* i^rt‘  iliun  j\  ci'i'Vf'nlunJul 

■*  it  iiitno  iiiiil  tin'  li\ "U'l htN-iivs  nro 

prealrr.  Fill,  of  eoni  e,  we  Vcc..:;i,;.'e  that  il  has  -leal  mlvanl  asTcs  ;l'  it  is  n.sed  ns 
a  driven  wheel.  I'hich  oiitweijw  :1  .  !illl-  ili-:ohanla-e  of  l.avio-  s.,MiCw!iat  lii-!ier 
iollin^'  n.si,|;iii.e.  'Ihe  ml  diauhrr  pnll  is  still  ,„„ch  ..jiralc,-  Ihaii  ihat  of  c.iiveii- 
lional  tires. 


Evaluation  and  selection  of  optimum  vehicle  tj^es 
under  random  terrain  conditions  *) 


Valutazione  e  scelta  del  tipo  di  veicolo  «  optimum  » 
in  base  allc  differenti  condizior.i  del  terrene 

M.  UKKKKK**j 


ABSTRACT.  —  Crofs  countiy  rehiclPs  opirate  in  random  lcrrain■^•ti^nat^  enriron- 
ment.  Thvreforf  predictions  o/  y.t  r/ormanecs.  ei  iiluation  o)  desiyn  concept^,  and  selection 
o/  op'inium  teliiclc  types  can  be  per/onned  only  statistically,  in  terms  ot  probabilities. 

To  achieve  this  goal  with  customary  empirical  methods  has  been  impossible, 
floicerer.  the  latest  dnelopments  in  the  mechanics  of  land  locomotion  bas'd  on  physical 
soil  rneasurenients  and  on  mathematical  models  oj  soil-vehicle  relationship  metke  a 
solution  of  this  problem  entirely  feasible. 

A  method  leadi’ig  to  that  solution  is  crpoiinriid  and  illustrated  by  means  of 
practical  cfamplc.s,  such  as  n  selection  of  an  optimum  agricultural  tractor  either  of 
crawler  or  wheel  type.  - 


Introduction.  —  Kvaliuiliun  ami  s.hction  i>l’  an  optiiuiiin  vehiilf  type 
wliich  is  cxiucti-il  t<»  o|H'ialc  in  an  iinfli:n)};in;;  i'n\ ironincnl  has  hri  ii  a  ivln- 
tivi'ly  siinplf  )>iolili'in.  A  small  nninlH'r  oi  rNin'i'innnls  nsimlly  If.uls  to  the 
optimization  df  ih'si>'r.  aiul  pci'foiinance  iVatniis;  uiih  snllicii'iitiy  a.lvaiu-isl 
expcriviM-o  nm.st  of  tin-  ti'.stiiifr  may  1>f  i  liminali  ii.  cmihlini;  llm  ('valuator  t() 
make  an  outrifilit  (heision  on  the  liasis  ol  previously  aeciiinulalt'd  data.  Sndi 
has  l.ssii  the  case  of  railroad  and  highway  veliicU'S. 

Ill  ofl'  tlie-road  loeoinotioii,  however,  where'  «  roads  »  elianjie  in  a  random 
wa.v,  depending'  on  ^leodiapli.v.  r!eok>;.i.v  and  climate,  the  prnhlein  l)ec>'ines  rnor- 
inonsiy  eomplex.  Its  solution  is  inmttainahle  w  ithin  tlie  present  pueel\-  empieical 
teeliniijiies  siliee  no  one  eali  test  all  the  possible  hieles  ehoiees,  in  all  the 
po.ssihle  terrain  conditions  under  eonsideralion. 

lleiiee.  (lie  jiresent  proving  "round  testiii"  and  evaluation  teehninuos  can 
not  piaKluee  results  which  v.indd  "eiicraliy  an.s'vee.  1’or  instance,  the  tiuestion 
of  €  track  vei'siis  w heel  >.  Tlie.v  must  also  preclude  answers  to  many  other 
imjiorlant  (|nestioiis  such  as  an  opt imizal ion  of  larj^e  arra.v.s  of  veliienlar 
eonfi"urat ions  that  are  either  theoretieall.v  ))ossilile  on  tiu*  dral'tin"  Iniard  or 
praelleail.v  available  on  the  market. 

Tills  ]ia|n‘r  HUS  pnrliiilly  |irfj.:ircit  itiiriii"  llic  .Viiltinr’s  n'-eciiil  iim  w  iih  I.nml 
l<octnn««t i<»n  l.ulHirulorv,  I’.  S.  Army  Dnluatu**-  Tank  .\  iN'c  <'«>jnuiiui«1, 

**)  (iriicral  Moltir?*  (’urimiut i«ni,  lK’lt*ii>c  lhvi>lt)n,  I.anil  Mokilily  Iji- 


Till'  fiiiliii'i'  of  jirfM’iit  to  |>i-ovii1o  ii  l)iisLi  for  tin*  iiiiuiititalivc 

IM'itlictioii  of  tlio  optiiiHitii  of  |ll■^f<l^llill)(-«■  him!  in  a  rainlom  toii-siin 

Iijw  lu'cn  hv  tin-  pci-sisteiif  s»i'kiii"  for  dctfriiiiiiistii*  fixwl  valnrs  vvlu-re 

till'  iinswiT  ran  only  1h>  [nmliKH'il  in  statist ic:il  vahn-s.  In  addition,  tin*  M'liflion 
of  test  sitrs  Inis  invarialily  i;;iioi-i-d  <inanlilativ*>  sam|diii<>  •.M-Imi»ini‘s  which 
would  <'ivi'  the  uvalnatoi-  a  truly  n-|n-i'si-iilativi'  pnihaliilily  density  finiction 
*)4'  soiV  that  .ttVi-*-!  hnsmiirtioii  nttder  (;ivfri  psipraplitcal  and  clinmtic 

conditions. 

The  must  |Hiinled  <'.\aiii|ih-s  of  sinh  a  slate  of  .ifl'aii's  aiv  the  internatio¬ 
nally  adhel'eil  to  Tractor  Test  ('odes  which  call  for  leslili;;  reliicles  only  oil 
two  liaril  surfiiee  courses,  one  iif  which  is  inaile  of  eoneivte  .slalis  *. 

Traeloi's  tle\clo|H(l  on  th.it  basis  have  Iweii  imhliieisl  and  .sidd  in  all 
parts  of  tile  ”lohe,  altlioni:h  many  reali/e  that  this  <'om|detely  ioiiorcs  the 
I'xisliiio  dillereiices  in  soil  i_\|u-s.  ami  the  climate,  (tidy  in  a  i|tialilativc  manner 
has  the  fact  been  reeo"ni/.eil  that  a  vehicle  which  may  achieve  a  certain 
level  of  peri'orinatice  willi  a  satisfactory  r>ei|iiciiey  in  otic  terrain  will  perform 
in  a  dilVei'eiit  way  on  another. 

This  may  have  been  loh  ralcd  as  loiif'  as  everylmdy  was  startino  fntiii  the 
s;ime  pis'liiise  el'.eoiiipassed  by  the  purely  empirical  school  of  tbon;!lit.  However, 
with  the  developim'iit  of  land  loeoiaotion  imelianies  and  new  iiietluKls  of  n 
ipumtiiative  deleriiiination  of  soft  "round  performaiiee a  ne«sl  for 
a  statistical  adaptation  of  vehicles  to  the  elii!ii"in"  eiiviroiiiiienl  of  oiwratioiiH 
is  lieeoliiill!i  Inore  and  mure  reeo^nized.  b'or  tliat  is  e.speeted  to  pixMlnee  not 
only  further  [irooress  tiiroii;*li  a  more  rational  competitive  etVorl  which  tmlay 
is  Miainly  wasted  in  inar"iiial  and  aee(s.s<nw  improvements,  but  also  eoiisidc- 
rabte  .savings  in  national  ceoiioiiiies. 

Tim  .so-called  nnderdeveloped  eoiinteies  would  be  pailielllarly  interested  in 
this  a|)proaeli  for  obvious  reasons.  Tlieir  eNam))!e  iiiai’  evenliially  aeeelerate 
(irogress  even  in  those  areas  where  less  eeoiioinic  whieles  developisl  on  the 
basis  <if  ineseiit  day  einiiirii's  i-aii  still  be  affordeil. 

Tile  vnIioIc  eolieept  is  Hot  lleW.  Identical  problems  e\ist  in  other  fields  of 
eii"iiieeriiig  wlieiiever  a  |■all<!olll  process  is  iiivohed.  The  widespread  use*  of 
statistical  inelliods  in  these  fields  has  iiiadi’  it  eerlaiii  that  similar  inetluvds 
nuist  !)»•  and  will  lie  iiitrodileed  .sooner  or  later  in  the  field  of  iilV-the-i-uad 
loeoiiuil ion.  Work  perforim  il  by  the  pivsi-nt  writer  lias  aimed  in  that  diia-etion 
.since  llm  end  of  World  Was  II 

However,  the  design  and  perfoi  inaiiei-  ei  al n.il ioii  eoiild  not  have  bocn 
carried  in  lernis  of  terrain  probability  density  functions  as  Ion"  a.s  mathema¬ 
tical  models  Ilf  siii|-\ eliiele  r,latiiiiishi|i  Were  not  esiablished.  An  effort  by  the 
writer  ill  the  sysiein.il izatioii  of  various  attempts  made  with  that  respect* 
had  resulted  in  the  foriiililal ioii  of  the  met Imdolo"''  '  which  in  turn  has 
di'inoiist rated  that  the  only  missiii"  link  in  a  eomprehensivc  treatment  of  llte 
pruhlem  was  the  lack  of  a  m-iieralized  iihysieal  system  of  soil  values.  The 
snhseipieiit  development  of  such  a  system  li_\-  the  Author,  and  its  praelica- 
bility  shown  in  a  solution  of  a  variety  of  mobility  ipu-stions suggest  tliat 


the  time  may  Ih‘  riiH*  to  «1iM-uss  the  pitilileiii  with  i efcicnce  to  Mtilwhiclc 
systems  iimli  r  raiuhmi  terrain  (saiitiliuiis. 

TIu'  imi)rteatu>iis  of  stu-ii  nii  <i|i|iroaeh  enniiot  1m‘  iifi'ieii'si imali'i) ;  for  a 
mamifaeliuvr  who  pnsliet  I'.eeforniaiiee-ili'sion  iiaiJiinrters  with  ^rreiili-r 
aeenvaey  ami  thus  etiii  pnaltm*  a  In-ttei-  veliiele  l■^ll>al)le  of  oin'iatiiij;  in  tltc 


TRACTOR  WCIQHT  ^  20.000  lb». 


I'i;;.  I.  —  All  v.’iliH'..  nrr  ^jiveii  in  riniii'l  u iiiiilnTs. 


yivcn  ana  at  a  ^uai  atilird  level  of  j-ei'formalu'e  willi,  say,  Ta'f  l)iiihaliility 
will  foree  out  Ilf  llie  market  a  less  ailvaneed  eomjie! itor  '.'aiialile  of  oin'ratiii^; 
even  al  the  same  level  with,  say,  ."lO'r  jirulialiilit.v. 

As  the  statistieal  melhoil  nsml  in  this  ]ia|ier  has  Iiri'ii  exliaust  i\ ely  tlealcal 
in  a  \ariet,v  of  text-hooks'-  '’,  it  will  not  he  ilesetilied  h'-re.  Itisteail  its  apiili- 
ration  to  a  liypollirtiral,  hut  plaiisihl,v  praetieal  ease,  Avi!)  he  jneseiiled  in  a 
detail  wliieh  may  he  eonsidered  nsefni  to  demonstrate  the  ar"nmenl. 

An  example  of  a  family  of  tracked  vehicles  to  be  evaluated.  --  Assnme 
that  there  .are  on  tlie  market  live  IraekAsl  leaetors  as  shown  in  liyiire  J.  All 
U(‘i”!i  th.e  s.'.me  f.lO.OOO  Hist  and  lia\e.  for  jiraeliea!  ])niI>oses,  the  same  eli;:ines 
and  1  laiismissiijiis.  IhiWeVer.  they  dilVer  in  the  si/.e  of  the  nim;i.i|;  year.  As 
a,  lesnlt  tlie,v  exeieise  a  yroiind  prr.ssiire  varxiiiy  from  14  psi  ma.ximnm  to  I) 
p.si  mininniin.  The  most  eonipaet  Iraetor  (14  psi)  is  the  rheaiiest.  the  least 


<iiiii|)iicl  (li  |>.sf)  Ls  tliv  JiitM  i'X|M-iisivr.  Till'  \isi>r  wiiiits  to  ili-tiTiniiK'  if  lie 
>lnjul',l  liiiy  a  14.  rj,  10,  S.  or  li  |isi  tr;u-ii,r.  Trsls  pi'il'iiriiiril  in  iircoiilance  with 
acci'pti'il  Trarlor  Ti'sl  ■•n  hard  siit  l'ai'O  have  not  sliawn  siiinifii-aiit  diffe- 

n  ni  i's  III'  iiiiisisli'iil  iiU'ril  tn-iids. 

Terrain  moislnre  function  and  the  probability  distribution  of  terrain 
value*.  --  To  I'valuati'  mi<'Ii  a  Iri-ud.  soft  uiiminl  jiciforiaain-L'  must  ho 
•  Icti'i-mim'il.  This,  howi'vi'r,  it-nlil  hardl.v  hr  thiiii>  without  a  "riimali/.i'd  Ifi'i-ain 


l  i;,'.  J. 

i-harai'li-i-i^l  if  wliirh  wouh!  itai-^iih  i'  raiuloiii  vai  ial  ioii  ol'  si  h‘n'.  si r.iiii  rclalion- 
.ships  Ilf  soil  in  ;hi'  l•ollsi<I■  i  .-.1  arra.  diir  to  wrallu  r  f.vrh  s; 

ll  iias  hn  II  shinvM  in  n  ;'*  •  •  •  -  iliai.  fur  iirailical  piii  juisrs,  niaxiiiuun 

shrai'iii'.^  sliis-x's  \ihii'!i  liu-  "riiuiol  i-.iii  wilhsl.iml  arc  dilinahh'  in  lirais  of 
”iuaMil  ini  SMUT  ]i.  frii  liiiii  'I'  and  l•l'hlsi^l||  r,  Sliassrs  diu'  lo  sinhavee  may 
ll'  ih  limal  ill  ll•l■llls  of  in.“!  ili  of  di'roniial ion  1;,,  k#  and  llir  cNpoin'iiL  of  dc- 

i'ol'Mi.llioll  II  '-I  '■ll_ 

Will  1;  prrforiin-il  for  llf  I.ainl  I .oroiiiot  ion  I  .aho| alor.i',  tl  T.'it,^  uotaiily 
Ilial  hy  Jlrar'.lns ''  ,md  Tr.t'k,  Sajoi  and  Ixli'lm  ‘  ha.s  iiulii  alod  Jurtlu'r 

*,  O  t'.M'  is  I  In'  nl'lirrx 


II  i»f  I  111*  ItiiliiaiM-i*  'funk  Aiiliitin'l  i\ I*  I'liiiMtiat'.il,  lirlrnitj 
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lll.'it  c.'U'll  srt  ill  (•,  <1*.  k.,  k*  r;'i|ini  i  il  (o  ilr!illi'  llir  ^ivrii  si  n'S"  >I  I'llin 

i'»  l;ilioiislii|i  can  lie  l■ln|'i^i<■all>  ••i>na  lalial  will)  tlic  corrcs]Hini1ir.«  imii'inro 
ciiiilciit  .M,  til'  llif  ''••'k  riitis.  ciiin  cl  scly  win  11  kiiowni^  I  lie  vaiialioll 

111'  M,  williiii  the  I’ivcii  area  am)  llie  e.iii^i.li  reil  wealln  r  cycle,  it  is  |>',*NsiliU‘ 
til  ilclliie  the  \  ari.il  inn  ul'  s  ill  values  I'niiii  l!ie  jucilcl i  i  niinci!  'Im.M.I,  r 
k*i.M.',  k,  01.)  ami  II  (M.)  riiiiel inns.  An  cxaiii|i!c  m  ilasc  ciiiiiirical  I'niictinns 
I'linml  in  typical  liniiin^t  iicmis  sainly  Inaiii  is  slinw  n  in  liitiii  t'  2. 

The  vai'iatinii  ni'  M,  with  time  ever  ilic  eunsiilcni)  soil  type  ami  uiatlier 
cycle  will  he  callcil  Terrain  .Mcisinre  I'nmlinn  .M.  il*.  'I'hat  rniietion  implieiily 
ileflncs  tcliijiulal  Variation  nt  '1'.  i*.  k.,  k®.  n-va!nes  vvith.ili  the  eiveli  area. 

A.s'.uniinn  M,.  as  a  ramliim  variahle  clmn.;iiii|r  with  t  tltc  prolinhility  of 
mu  CM'.  iMlin;;  the  driven  moisture  conicni  M'.  ami  heiice  the  ;;ivcu  soil  tsnisi- 
slcnc.v  (tcliiieil  hy  the  ci.i  respomlinv:  e,  ')'.  k..  k®.  n  set  of  v.ilitcs  niay  1h‘  ih  lilml 
aeciin! iiij;  to  slamlanl  jicaetiee : 

'’V 

I’lot.  I  ()  .M.  (1)  •'  M'.  ]  ■  T.  iM',)  ■  J  1,  t.M,).)M, 

where  1',  t  ^!.  )  is  the  prohahility  ilelistly  I'niiclion. 

'I'cri'iiin  viiriation  I'nr  avera;je  im>islure  contents  me.ismeil  hetween  i  to  2 
I'cet  lit  ileplh,  only  which  is  simiihi'Miil  in  hn-oaeil  ion  |>;'ol'hliis  is  sleovii  in 
tiitme  The  ihil.i  have  hccli  reproiliieeil  I’rom  ineasurciuciits  pei'ininiol  tor 
over  4  veals  in  a  .M iilillese,\  are.i  liv  the  lonal  Kcscai'  h  laihoiiitories  in  II  iiii- 
iiiomlswoilh,  Ivnylaiiil 

h'ri'<nieiieies  of  inoi'.liirc  content  pcrcciilaacs  asvi  inhlcil  rroiii  sr.iph.  fi- 
fturo  I),  are  .shown  in  tahle  I.  Tim  slamltiiil  ilivi.ition  oi  their  ilisliahnt.on  is 
5  -  ).')4,  al’il  the  mean  v.iille  M,.  -  Itt.o.  A  eheeh  of  the  ilata  will  sliow  tluit 
the  eiinsiilcrisl  pi nhahilitv  ilensity  may  lie  assuiiini  for  the  sake  of  the  ariin- 


iiiiMH,  nl  Ifiist  ill  tills  prisont.-ituMi,  its  :i  rniu-tU»n  having  the  normal  (lislrilmtmn 
of  variiiliU*  ami  is: 

f.(vo  -  n/S(t) 

Distrilmtion  curve  liase.l  *iii  tliis  ei|iiatii»M  has  Ih-ch  plottexl  on  the  liioistui-e 
o.iitem  l.istogiam  ill  ligiiiv  4.  The  prohahilil y  .Uiisity  curve  is  sliinvn  m 
tiguiT  Ti. 


Kilt.  4. 
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MM.  V»l''t 


Tahli-  t  was  iirnli-r  iissiini|>lii)ii  that  hiw  inuistnn'  ('oiitiails,  liplow 

lianl  siirr.i'Til  .suil  ant!  iln  in)l  afTci-t  |M-i-i'i>iiiiatir’r,  Tims  in  tlip 
wcallu  r  i-x  ch'  ol'  one  vtsir,  llll■aslu-<■llll■nts  ia!.i-ii  Is  twi’cii  I  •luin-  »p()<l  1  Si  |iti  in1>ci‘ 
liavt-  ln'cii  I'liiiiitiatt'il.  Wlii-n  taking;  a  (snnpU-te  inn-  \far  i-yi-lc  a  ski  wed  tli- 
.sii'ilaitinn  would  Ik.-  olitaiiiwl. 

To  pi‘>rorin  s|M-cifii*  <-oiii|iiitatiiins  f*ir  llu-  (smsiili  ri-il  irii/'lnrs  it  will  Ik- 
assiiiin-d  that  Terrain  .Moistuii-  Kniii-tioii,  fioiirr  -‘J  ii  l'ei-s  to  r  ( Me),  'l>  ^.M,), 
ke  k«  ^.Me)  and  n(M.)  riiin-lions  as  shown  in  li.untv  '2.  This  i-nahles  one 
to  i-aletdale  perrorniaius-  and  <li-si"n  paraim-lei-s  pri>' idetl  that  inallKiiiatical 
models  ol'  relationship  iM-t'-.een  -soils  \sdiies  i-,  <1*.  k, ,  k*,  n  and  ja-rliia  iit  vehieles 
Mihies  an-  a\;iilal)le.  Valtn-s  i-,  k..  k*  and  ii  are  nioiioloiie  deerensing  liindions 
of  :Me. 

Mathematical  models  of  soil-vehicle  relationship.  ---  .M.-mr  sni-h  models 
li.-ive  lueii  inadi-  leeeiille  availahle.  ami  1110)111'  oin-  pri-ilielinn  wilh  an  ac- 
c-e,iia)de  de”rei-  of  aeenraey  sinee  it  wonld  la-  impossihle  to  discuss  liere 

a  tarter  inimher  of  |ierformanee  types  as  a  limelioM  of  a  larve  set  of  di-sjon 
\ariaiils,  even  within  one  soil  spi-i-lrnm,  only  tin-  tlirnsi,  weiidd  fatio  (t  p) 
of  the  vi-hiele  as  fmietioa  of  its  one.md  pn  ssiire  1  p)  will  la-  discussed.  The 
reader  will  lealii'e  that  in  a  similar  nniinier  all  other  performotiee  I,' pes  such 
:ts  furl  roii>um|il ion.  e.ii  jio  earrv  iiij:  e.ipai-ity.  slope  elimhint;.  aeeeh  iation,  etc., 
laay  lie  determined  '-i-ei^ 

It  lui.s  lieen  nIiovmi  in  i-erereiire  '  that 

-f'V 

W  '•  <«/|.)  4  (,,)•.'»/  (I  (n  f  I)  ik./l>  t  k*i'''"l  (1) 

where  1  is  the  lenclit  and  h  is  ilie  width  of  the  Iraek  eontael  al’e.’i,  (ijjiiic  1. 
Ill  order  to  proM-ni  eipialion  I  in  a  more  eonveiiient  form  one  may  nolo 
•hat  the  iiioiplioloj:ii'al  relation  la-tween  traek  dimensions  ami  yi'niind  jire.ssiire 
as  .shown  in  tienre  I  may  la-  expressed  h.v  the  ei|nalion;  I  h  —  dp'’-''-'. 
In  addition,  wlnn  further  eoiisideriii)^,  for  the  .s.ike  of  siinpiieil.v,  a  nniforin 
loail  disi rilmi ion  one  may  write;  p  -  (W  2'i  Ih.  wheic  \V  is  vehicle  weijihl. 
.'-^iihsi  it  III  ion  of  the  last  two  eipiations  in  eijiialiou  1  vvill  v’ield  : 


’■/P  -  t»'/|i)  I  laiiT-.pi'  ►  II  '-•■111.  n/ 

{  1.7(11  1)  I  \\72’[l.7k,  I  \\7_»  r  k,i  '  -  }  (-.1) 

J'hjiialioii  -J  ri'iueseiils  liere  the  nialionship  iHlWeeii  ratio  r/l>  exprc.sscd 
as  a  fiiiietion  of  raialoiii  r>oil  values  d'.  e,  i)i,  k, .  k*.  n.  and  lixi  il  in  the  "iveii 
dc.>icii  veliiele  values  p  ami  \V.  r  p  ratio  al.sii  is  a  iiMiMolone  iiiereasihi;  liniclion 
of  e,  k,,  k*,  and  n. 

Probability  of  operating  on  the  desired  level  of  thrnst/v/tl;',ht  ratio.  — 
Assume  that  a  f.iiiiier  wants  to  .seh-el  one  of  the  Iraeloi-s  shown  in  ll.unre  1, 
to  ojiciate  ill  terrain  deserila-d  hy  "ra)ihs  reproduced  in  rnriires  2  and  d. 
Ik-  also  reali/es  that  then-  are  u  few  .slope.s  >111  his  farm  whii-h  never  exceed, 


t/p  =  O.i  In  atMiliini,  In*  wants  tiu-  Inii’toi'  to  inill  iinpli'iiieiit 
willi  t/p  —  0.r»;  hi‘H«s*  the  level  of  |M-ri'i)i'iiijiiii'e  with  wliirli  liic  nperjitioii 

is  iiiteiiiletl  iiinoiiiils  to  t  |»  =  0.2  +  O.o  =  0.7.  To  elioo.sc  a  trnotdi-  flic 
farmer  wnut.s  to  know  the  iinilKihilily  with  wliieli  i-aeli  veliieli*  enn  ai-liieve 
that  level  <»f  jx'rforiiiiiins'.  Kiniwiiifj  this  aiul  the  <-ost  inv»lve<l  lie  will  be 
able  to  make  his  •h'eisioii. 

To  this  einl  curves  of  r.  p  versus  p  must  1m-  traei-il,  tor  various  jvrobabilitie.s 
of  stteis-ss.  Take  first  tin-  pivlKibility  of  '>0^7  that  a  ei-rtain  moisture  eontent 
M,  "ill  iu»t  1m*  exnsshsl  in  tile  ism.siileml  area.  Hy  ih  tiiiitioii  siieh  n 

moisture  is  JIj  --  lit. a '7  (tiviiire  a).  It  pisHliiees  soil  values  ol'  the  I'ollovvilU' 
approsimate  luajiiiiltule  tfi;:uix*  2): 

e  ~  O..V»;  ‘I*  =  2V;  k,.  “  Iti;  k*  -  7;  a  “  O.'J 

If  these  .-soil  values  aiiil  traetor  values  (by  tiaetor  values  we  Ulidi-rslanil 
vlimt-nsioiis  ami  weights  as  shown  in  ti“Uis*  I)  an-  fed  in  ecjiialioii  2,  thrust 
r,''p  will  Im*  eNpn  sseil  hy  the  formiihi : 

t/|i  "  (ft.'i-Vl’t  +  tail  :ts- _  p<l  4  e  a  *  X  (.  -•• -o  .V  I  J  -^l  u.J)  j  '.'OOun/J  X 

>1.7  X  i»:  t." '■•••/  I  jtiotsv-*  T  7J''"  -'|  t:i) 

>viiiee  liy  ilefiiiilioii  Al.  l!t.-7''7  is  tin-  moisiun  eonleiit  that  will  not 
’',*  v-xev-eih-d  with  iin.babilily  of  at) '7.  the  eoiisidered  si  t  of  soil  values  deline.s 
,e  «  weakest  »  t.'  pe  «•!'  vul  wiiieh  may  In-  not  v-M-eeih-d  with  the  same 
probability,  lienee,  etpiation  d  delim*s  tin-  lowest  value  ol  thrust  ■  vvi-iobt 
ratio  T tbal  iiia.v  1m-  eiusiunteeed  with  .'i<l^7  prob.ibilit y  in  '.be  eoiisidered 
area  and  the  weather  evele.  When  ehanein;:  ]»  as  a  variabb  -in  (Miuation  d, 
etirve'  11  show  h  in  ti"un-  I*  will  Im*  obtained.  This  eui  vi-  gives  iiii-  relation 
betW(-(-u  unit  draw  bar  pull  and  ;:ronnd  prisMUv  tbal  will  oeeur  witli  50 '7 
probability. 

Ill  a  similar  manner,  a  eiirw-  for  the  probabilil.v  sa.v,  ol  7-i'i  will  Ik* 
obtained.  To  this  effis-t  tin-  nioislure  eontent  .M^  vvhieh  laa.v  not  la-  e.Neeeded 
with  that  probabilit.v  has  (t»  Ik-  di-termiinsl  with  tin-  bel)>  ol  tables  ot  normal 
distribution  avail.-ibh-  in  literatnn*  It  will  Ik-  fooud  in  siieU  tallies  tbal 

for  1*  —  7') '7,  tin-  M.-AI.  •  «/  valm*  eipi.ds  ajipro.ximatv-ly  O.GS,  and  lu-nee, 
neeording  to  previous  denotation.s: 

(.M.  1  !».-'•)/ 1. 1x1  ".tx 

or,  .M,.  —  20.t>'7  ili;;un*  If  for  this  luoisluie  eoiileiil  cm  resiaiiiding  e,  <!', 
kc.  '■»,  n  valm-s  an-  seh-ete«l  fisuii  liunri*  2  and  led  in  i-i|nalion  2,  tin-  7.>  fr. 
prooabilily  enrve  111  m-  t,  p  vs  p  will  U-  ohiaitn-d.  i-'i)llowiii>r  a  similar  (-oui'S(- 
of  aetion  eurvt-s  <.*f  '•t)'7  ami  ma.v  Ik-  eoiHlrueleil  as  plotted  in  (Iguri-  It, 

and  denitted  by  1  and  IV. 


I 


G  |ini\-iilis  tin-  iiMswi-r  iis  to  wliat  tr.K-lor  slioiilil  Ik-  s<‘loettsi. 
Fnmi  tW  liH'silion  of  tin*  liiii*  roiTi-s|MMii1ini:  to  t/])  0.7,  insults  tliiit  the 

nlxivr  U'Vfl  of  ]n-iT(irinaii<-f  tcqiiiiiil  liy  the  riirimr  iniiy  In-  juliiivtil  with 
the  folhtwint;  Knuiiul  unssmes  a.iil  nlatiMl  pii)l)al)ilitks : 
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GROUND  PI!£SSURE.(P3I). 

Fig.  «. 

Tims  if  the  farinvi-  lias  riioiii;!!  iiiomy  to  buy  an  expi'iisiv i'  IraiMor  in  or«h'i- 
to  uoi'k  at  tlie  at  the  <lisciiSM-il  lrvi-1  with  !)0  piuhabilily  he  will  liny 

till'  S  psi  vi-liiclf  (fijiinv  l!.  lie  will  .hrniilcly  ilisrai’il  llu-  luiil  l<>i-  the  most 
eS(>eiisivs‘  If  jisi  teaelof.  lie  also  may  he  hnijiliil  to  hny  a  cheaiitr  I'i  jisi 
eiinipiiieiit-  as  he  Would  hsise  relatively  little  of  his  !tO'f  e'laiiee  to  oiierate 
it  at  T  |i  -  0.7,  siliee  lie  would  he  o)ieialii);z  ahove  llie  Tn  prohahilitv  of 
sueei-ss  pi'iMlueihle  by  the  Id  ]isi  of  ynuiud  JU-essure  (fieuie  (>). 

tiraph  (ieiiie  ti  replotti-d  as  shown  in  (i;;uie  7  will  slmw  that  the  leduelioii 
«»f  ;;r<iuinl  pl’essufe  hetweeil  li  and  1-1  psi  does  not  alVeet  veiy  iiiueh  the 
prolialiilitx  of  aidiiew  int*  yiveu  pel  foi  nianee  levels  up  to  say,  t  p  —  0.4. 
I’roper  selection  of  ground  ju'essuie,  however^  is  all  imjiiirlant  for  hieher 
lluust/load  ratios. 

I' iirun-  I  also  show.s  that  there  is  a  iioiiit  of  diniiiiishine  returns  w  here 
little  train  niay  In-  expected  when  sehelin"  exiH-nsixe  low  trround  prossure 
vehieh“s  instead  of  the  elieajier  standard  equijiiuent  with  hiyher  proiiiul 


|nn-s.s(ir»>.  This  ii|i|iti«‘s  (u  Imfli  ti-.-irkn  /iK«!  wIh'cIh  :»s  it  will  Iv  »howii  Inter. 
The  niiiihmi '  viu’iiitioii  uf  s»>il  lyjx-M  iiImI  i«u»is(iiiv  ilisti'ihutions  niiikes  tliiw 
the  sliitisiicii]  sUuly  tif  ,l‘‘sij;ii  iiikI  iiciT'iiiiijiiiee  imperative,  if  more  rsitiannl 
mill  J»tire  ecoiminie  Vehieles  ;n‘e  to  In'  ilevelopeil  ami  llse<l. 

Track  versus  wheel  problems.  —  To  illnstiati'  further  the  useful ues-s  of 
tile  liu-thml  ]ireseiite«l  ill  lliis  paper  llie  proldem  of  a  wheel  will  he  ilis^-ilsscsL 

It  WHS  h)i«>\vii  ‘  thill  the  ilruwluLr  weight  ratio  (l)l’,  \\‘)  of  a  viKul  wheel 
may  1k'  expressisl  liy  eciiialioii: 

tDl'/W)  (.A/\V)  -t  taii'l'—  {  [MW/  ]V]/(.-l  n)  |  ‘ >  X 

1/\Vtii  1  1)  (h,  I  +  I)  |4j 


<0  2  .4  .6  .0  to 

§  £ 

£  ** 

fill.  7. 

In  eipiatiou  4.  W  is  wluel  loiul  tll>',  -s  llie  eroiinil  eoiilaet  area  (s(|  in) 

ami  1)  wheel  iliaiiieler  liii).  Value  e.\  W  is  very  small  in  a  rase  of  prartieally 
every  wlieel  niul  may  he  iieeleeteil.  Thus  eipiation  4  m;iy  he  tian.sforausl 
as  follows; 

(DlyW)  ^  —  [W/ik,  +  1)  X 

1/1 »  '  ')  !•'*) 

.\ssiiiiie  lhal  D  -  40  in,  ami  h  'I  H.'  feeilim:  in  eipiation  .")  the 
aliove  ilalii  anil  the  soil  datii  eon espomliiii'  to  ‘i-i,  oO,  7,»  aiul  !)0  of 

(iroliahility,  iiml  ehaiieiii;r  W,  in  tin'  same  niaiiiur  in  which  that  was  done 
wlieii  eliaiiuiii}:  )i  in  iqiiatiiMi  'J,  a  faliiil,''  ot  eiines  ot  Dl’-W  versus  \V, 

shown  in  li'.;iire  S  will  he  ohtaiiieil. 

l'’i',;iire  "ives  the  w  hei  I  loail  minireil  to  Jiehieve  llie  ilesireil  pull  weijtht 
ratio  with  the  ;;iv<'ii  |iroliahilil,v  of  siieress.  A^aiii  it  will  he  seen  that  for 

Inw  loads  time  is  not  miiili  difl’erenre  hetween  tile  perlorniaiiees  at  vurion.s 


j>it>J>aUiUtU‘s.  K*>i'  l»i"lu‘r  a\U'  Uuuls,  Iuiuwit,  tW  1)1’,' W  i-.i|tkUy  awl 

tl»o  pniliiility  *»)'  th*'  civrn  |Mrf«i'tnnnw  nipi<lly  (ItM-rfasps. 

With  tlu'  lii'l))  of  niny  ronipjiro  tlic  ivlativp  iiuTits 

of  tracks  and  whiils.  Assiiino  tl-at  tlo-n*  also  is  acailiiMo  a  wluH-li-d  tractor, 
ill  addition  to  tlic  irackisl  tiacliirs  skrti-ln-d  on  fioiiiv  1.  It  lias  four  wlicrls 
of  1)  40  iiiclics  and  li  “  II  iindii's.  caidi  loadisl  with  \\  =  iiOOO  11).; 

it  thus  wciylis  -iOdOO,  i.c.  tin-  sann-  as  the  pn  vioiisly  di-u-ii<s.sl  veliirlcH. 

The  first  {-oMclnsitm  vihiidi  may  l>*‘  n-wlnsl  l>y  im-aiis  of  jfiopli  fitnire  ti 
is  that  such  n  tractor  n.nld  operate  at  DI’/VV  0.7  with  pnietieally  zero 
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lil'olialiility.  llciicc  it  wnuUi  not  satisfy  the  jnevioitsly  desired  level  of  jierlor- 
inaneo.  To  aeldcvc  tliat  level  it  would  have  to  have  wheels  loaded  to  low 
than  lUOO  lb  i.o.,  would  have  to  !«•  equipped  at  least  with  20  wheels  «f  the 
assumed  dimon.sioais,  which  i.s  ahsurd.  lienee,  under  tin-  a.-^mned  eoiidilioiis 
the  wheel  cannot  ri'|ilaee  the  track. 


the  basis  of  the  prohahility  of  ♦ -jo  no  {'ll'  ■ '*  ‘'or  t.  n  —  1)1 /\\  O. 
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'I'he  e.iiisideied  wheeled  Vehicle  would  he  made  moiv  allraelive  if  the, 
wheel  diameter  is  inerea.si-d.  To  iiivesli^^ati-  the  new  relatiiuiship  Ix'twcen 
DP/W  and  1),  as  well  as  the  prohabilities  involved,  urapb  shown  in  fi^rnre  !* 
inav  be  computed  usiii"  equation  •”<.  In  this  proeednre  D  is  tin*  variable  and 


\V  \v;is  .'K'imiU'iI  «Mnst;iiit  stiitl  to  ."1000  ))>  |»cr  whcrl.  't'lic  funiinttjifion 

w:is  ill  till-  •i.tnio  nin«iiu*r  as  tliat  j>n‘vi«ius|y  (losiTilhsl. 

1)  (;.■>  in,  I)  -■  II  in.  Tliis  will  1)1’/ \V  0.;i  iit  JtO  % 

pn)l)<'il)ilily  as  sliowti  in  11.  If  th<*  iH-vfoniiaiico  niiirn'oiiioiit  of  tlio 

ti';ift«M-H  is  n-iliKssl  ti«  -  j*  -•  0.;|.  it  will  W  si'Mi  (fillin'  G)  that  lli<‘ 


12  jtsi  tinctiir  will  ini>.Iiici-  dial  v«-r>  prrforiiiaiii-i'  uitli  tlu>  snmc  jinilialiility. 
Oil  dial  liasis  mu'  may  say  dial  dm  12  psi  liaclor  ifi"ilii'  I)  ami  llu'  -I  wlinl 
liai-lor  liasiii;;  D  G'l  in.  !»  -  11  iii  (n"iu<'  10)  aro  I'quivalcnt  in  dm  soil 

ili'sci'ilii  <l  on  liyiu'i's  1  aiiil  2,  a>Miinititr  luTfnniiaiiro  Irvi'l  t  ]>  ■  ^  'I'n  iin  sriil 

a  ni’iu  lal  iiii'liirc  of  tlu'  |•^■lali^■l•  ruriiis  ami  sizos  of  Isidi  trai'lors  llioir  oiitliiii'S 
liavc  lii'i'ii  skt  tflii'il  in  (i”Ul'i'  10.  This  ski  luli  casts  a^aiii  iluiilils,  as  lo  llic 
jiraciicaliilily  of  rcplaiiiiiz  the  tr;u-k«T  Iractor  with  a  whc  lcil  mu'  oven  if 
only  T/ ji  '  O.ll  is  o.N|iiolisl  to  lx*  nchicvcsl  in  llu‘  cmisiiloi'od  area  with  01)% 
in-obahililv'. 
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nn*sc  illiisli;it<‘  tlio  solution  of  track  vc-fVUR  u’lioo!  problems 

fnHu  a  soil-vehicle  vie\vi>oint.  As  may  Is*  st'eu,  then,  piMslM-tious  of  performance 
aiul  «h‘sij»n  imnuneterH  can  Im-  lumle  in  finite  a  riKoroiw  may.  However,  llicy 
ran  never  Ite  expresstnl  in  terms  fttlier  than  prol)ahiliii*-«.  There  are  no  fixed 
vahu's  in  onT-tlu'-isuid  hHstinoliuii.  There  is  only  ehanee. 

Conclusions  and  remarks.  —  To  increase  tlie  aeeiir»ey  ami  reliability  f*f 
dlseits-sed  preilictifins,  and  the  siitety  of  ehoires  made,  fnathematical  models 
of  sfiil-veliiele  relationship  such  as  shown  in  eijiiations  1,  ‘1.  and  4  onoht  to 
Ik*  further  refimsl.  As  ttie  writer  attempteil  to  sliow  ,-is  il 

results  from  works  hy  <»thers  tin*  above  is  i  niirely  feasible  within 

the  is»neei>ls  of  a|ip1ied  nu-eli.oiies;  it  is  tmly  a  loatli  r  of  :i  snflieii'ittly  hiroe 
researeli  effort  liefoin*  sueli  a  task  will  he  aceomplislietl. 

Metlusls  <if  prediction  of  soil  moisti'.ie  have  he.-j>  ivorke<l  out  with  a 
siirprLsii!}'  aeenraf-y  What  remains  then  to  he  done  is  to  ih  lerniine,  in  the 
field  aml.  or  in  the  lalMiratory.  statistical  relations  of  r‘M.),  'l'(M,\,  k.  (Mr), 
k^tM.)  and  ii  t.M.)  types  as  shown  on  lintire  ‘2.  'I'his  in  turn  ai>|uars  to  he  a 

rather  .strai"lilforvvard  work  which  has  alnsidy  been  slartf-il  when  measurin': 

soil  values 

(hie  ma.v  thus  eonelnde  lliat  it  is  oidy  a  matter  of  time  to  fully  deM'li>i> 

the  tliseiisMsl  iiietliofis  and  to  enable  one  to  evaluate  ami  select  uj)limnm 

Vehicle  ty|H's  under  ramhnii  terrain  e.#;.uIitions. 

.  This  would  (sinstitnte  a  emiseions  effoi  t  of  man  t«*  <levelop  and  adapt 
the  vehiele  1**  the  terrain  in  the  same  manner  in  whi'h  natural  .selection 
of  evolitlionary  forces  has  adaptetl  animal  lotoiiiotion  to  their  tiivironment  •“*. 


.l<'K\\'<U\'I.h:ii(iMh:.\T.  —  This  woik  has  liven  eoini'li  te<5  hiriii!:  the  author’s 
iis.siH-itftiou  with  the  hand  I.oeonmiioii  l.nhoiiiioiy  of  the  I’.S.  Army  Onlimnee  Tank 
Automotive  Coaiiiinud  and  lia>  tas'ii  pnlilidied  hy  jierinl'si'ei  >>l  the  Command. 
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DISC  U  S S  I  0  X  S 

r.  L.  UrPELMANN.  —  The  probahilily  i'linrtiiiiis  ii.-.r«l  in  this  |Mi]>er  baT« 
Well  eviiliiiileil  on  ii  tinic  Imsis  iiiiil  pive  the  iirobiihilit y  of  sueeess  of  a  jMirticalar 
Vehicle  to  cniss  nnironn  trround  ile.seribe«l  by  ]»nrunieters  whirh  vary  only  aitli 
time.  Surely  tin*  user,  in  aiblitiou,  rMiiiires  to  know  the  )irohiibility  on  a  distance 
basis,  the  ]>robubility  of  crossieg  one  yard  of  ground  having  niuilom  variation  of 
liaiaiiicters  \\itb  di^tuncc  being  higlior  tliau  that  rcsi»iired  to  er»=i.>  one  mile  of  th« 
same  ground. 

The  total  |ii ubnliility  of  crossing  a  iMirtienbir  di.stanre  at  a  jjartieular  time 
would  bo  the  jirndnrt  of  the  two  relevant  iirobubiiities. 

M.  O.  BEKKER.  —  The  probiilnlity  rnnetions  n.'etl  in  this  |ia|H‘r  hnve  been 
evaluated  with  releicuee  to  tinie  ovt-r  the  suil:i<e  of  the  as-inned  sumide  am. 
They  thus  eiieum|iass  an  area-time  i-nntininini.  1  nsetl  only  one  line  to  denote  moisture 
<’hange  in  order  not  to  eoinplieate  (lie  i.'Mie.  t)ne  shoidd  tise  n  band  wliioh  wontj 
denote  the  mininiuin  acceiiluble  aiul  the  ina.xininin  desiiable  |•rohability  of  gruiind 
surtiieo  ilist I'ihution  of  the  inoisti;rc  in  the  sanijdial  area.  This  is  the  problem  of 
sampling,  statist ieal  inferonee.s,  and  tau-diineiisional  probability. 

11  you  aie  interested  in  u  <  direetioiial  s  probability  fnnetion  along  a  eertain 
path,  one  yard  or  oio*  mile  long,  then  the  samples  should  be  taken  along  rejnosontntive 
ii.iri'ow  stri|is  in.-^tead  of  over  a  wide  area. 

laind  l.ocoiuotioa  I,aboi'alory,  in  e<«i|HTalioii  with  Professor  .Tcbe  of  the  Uni¬ 
versity  ot  Michigan.  1ms  started  working  on  ilu*se  jiroldems  tilmost  two  years  ngo 
when  I  wa.s  still  associated  with  iliat  gioiijt.  1  undeistand  they  have  nmde  some 
progress,  and  suggest  that  yon  eoiitaet  them. 

6.  J.  KNIGHT  and  1*1.  P.  SIEYER.  iftorivtil  hi/  Irltrr  aftir  the  t/osnre  uf  thf 
Coiifcrctiii).  — -  Mr.  Hekker  1ms  .shown  tin-  fea'ihility  of  .srieiling  .an  optiniiiia-tyiio 
vehicle  lor  opeiatioo  nnder  nindoin  terrain  voii<litli>ns.  p,y  making  n-*'  of  the  hy [nil het ieal 
prohaliility  ot  oieaiieticc  of  the  .soil  vnlins,  d’.  e,  kj.,  k*.  ami  ii  in  .n  given  area  and 
llic  relnfioiis  ot  the  vehielo  iiarnineters  W,  p,  I.  b,  ami  D  to  the  soil  vnlnvN  nnmod, 
bo  demonstrates  a  metliod  for  edimating  drawbar  pull  nliility,  the  most  important 
•■hiiiacferisli<'  of  an  olT-ro.ad  vrliade,  to  illustrate  his  point.  The  evauijiles  used  arc 
elc.nr-ciit  and  .slraightti>nvnrd.  The  .sehslion  of  n  family  of  traitors  with  diiacnsions 
that  yiehl  a  sjiecitic  relation  ot  I,  h,  and  p  ssTvr.s  to  simplify  tlie  illiist r.ition.  The*  .\ntlior 
nuiclndes  that  «  it  is  only  a  matter  of  time  to  fully  develop  the  disiUS'ed  niethoil  and 
to  enahle  one  to  twalualc  ami  seleel  ojuimmii  vehicle  types  under  random  tenwin 
ei>niliti(ins.  ». 

Though  one  may  ncec])t,  fur  the  suki*  of  nigainent,  the  validity  and  accuracy 
ot  the  veliiele-soil  model  snixgeslcil,  one  cannot  hut  ipicstion  the  practicability  of 
deliiiiag  soils  on  a  world-wide  basis  in  teinis  of  <h.  e,  k,,  k*.  and  n.  .\nvone  familiar 
with  the  Vagaries  of  iialiirul  .soils  ami  the  time  and  J>aticnce  rcipiiied  to  establish 
these  .soil  values  lor  even  one  soil  eomtilion  is  bound  to  be  evci whelmed  by  the 
pnisjiect  of  setting  out  to  classify  the  soils  of  the  world  in  these  tenns.  Goodman 
and  I.ee,  in  their  jiaper  «  Kflfects  of  Reni'dding  on  .Soil  N’alues  lielaled  to  Veliiele 
Mobility#  (paper  No.  4),  jirodiiec  data  wbieli  show  e.vtieniely  wide  variation  of 
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kr.  k*.  nii»l  n  in  *  nntnnil  ciny.  TTioy  fiirtbcr  dcclarr  that,  «  M'i|M*riiiirntHl  data  to 
tlatc  show  a  ninrkfsl  rciturtion  in  the  spread  of  eohesive  and  Irirtioiiul  iiiodidi  of 
soil  defoniintion  from  remolding  >,  and  Mipiest  that  <  in  pn-tlirtiii^  vehicle  iMjrl'or- 
inance  in  n  fjiven  1<H-nli<iii,  the  hmI  viilnes  must  lie  deleniiincti  for  the  soil  in  the 
most  critiinl  euiidition  exi>eetc*l  from  Irathc  lyjn}  and  nnionnl  ».  The  Author  makes 
no  mention  that  the  soil  values  in  his  inotlel  shouhl  represent  this  condition. 

Mr.  liekker  .stales  that  prmlietion  of  vehicle  |icrfi>minnre,  .selection  of  0|>t<iiuiiu 
rehtclc  tyiu's.  etc.,  are  iiu|Kissible  liy  ciistoninry  empirical  uicthod.s.  Ifowcver,  the 
U.  S.  Aniiy  Kujrineer  Waterways  K.xiu-rimcnt  Station  has  had  for  many  years  an 
ailmitteilly  einpiriial  niethod  for  nrcotn)i|ishiii;;  the  same  objectives.  The  method 
a.s  it  applies  to  liuc-jiraineii  soils  is  iiuplieit  in  pn|H‘rs  24  ami  35,  c  Mea.snromeiit  uud 
K.stimntion  of  the  Ti'idliealiility  of  Kinc-(tiniii<sl  Soil.s  >  and  « Soil  TriiHicaliility 
t'lassifiealion  Scheme*,  res|iectively.  An  c.vaniple  of  the  Waterways  K.x])criinent 
Station  method  follows. 


r  Example 

Assumptions.  —  l  ./o'i/rs.  -  Ass'.ime  the  .same  fiunily  of  tmelors  as  in  .'Ir.  Hekker’s 
paper  plus  one  Inuior  ut  W  =  '_’I),0II0  lb,  p  =  5  p.si,  nnd  h  =  IS  in.,  and  one  traitor 
at  W  —  'Jfl,(M'0  111.  p  —  lii  p.si,  and  1»  *-  b  in.  Asstune  all  tmetors  to  have  tnu'k 
yionsers  lcs.s  Ihiiii  1-1  j  in.  liiijh,  14  lH>;:ie  wheels  on  the  |H>rtion  of  the  traeks  In 
fontnel  with  the  "tieiinl.  Iruek  shoes  S  in.  Ion*;,  eleninius“s  of  14  in.,  engines  with 
horsepower  greater  tliaii  Ht  hp  per  fun  of  weiybt,  and  hydraulie  tnuismissioiis. 

Suit.  -  A.s.sume  the  .Miil  to  bo  the  USt'S  *)  Ml.  ly|H-  in  a  low-toiHigraphy  area 
ill  a  leiupeinte  I'liniale  ami  iiuder  tiverajn*  wet  senMm  eoudilion. 

Problem.  —  Deternrme  eapahililies  of  the  driven  tmelor-  on  the  j;iveu  soil 
eoinlitioiis  (in  any  area  in  ii  teiiiperale  elimatc)  in  probability  terms. 

Solution.  —  IJitermiiie  vehicle  eone  index  (VtT)  for  laeh  fi-iitor  by  using 
foriiiiiln  on  paitc  HI  ami  liifiire  Ul  of  paper  No.  24. 

Ksliililish  I  chit  ioii.''liiji  lictvieiM  gnioiul  pii'ssnie  nnd  VtT  iiinl  indirille  I'cbllion- 
-sliip  ns  a  double  .'<,;ile  on  absei.'Mis  of  liiinrc  iilliiclieil,  as  shown. 

Ilcl'er  to  lif^iin-  .t  of  paper  No.  .'Hi.  Delerinine  raliiit;  eone  index  (UC'l)  eono- 
-spiiiulinj;  to  ■J.'j  iirob.diility  iHCl  --  HW).  This  nivans  lliiit  lOS  HOI  or  yi'oater 
will  occur  in  abuiiiit  '2.”> ' c  of  all  areas  of  the  Ml.  soil  fin  a  lenijs  iatc  elimale  in 
u  low -loiioyrnphy  area  ami  nmier  wet-.sea.MUi  eomlitioiis),  or  that  a  vehiele  w  ith 
a  VtT  of  108  with  no  tow  load  can  oiH-rate  (40  to  ■'>0  Iriiis  in  the  same  path  or 
.severe  nmnenverst  ...iicee.s.s fully  in  'J.’»  rr  of  the  level  areas.  Plot  lO.S  at  0  diawlmr 
laill,  ami  indicate  'd-r '  c  iiroliahility. 

For  next  jmiiil  on  the  'J.i  Tr  lirolmbility  line,  delennine  the  VOl  a  traetor  must 
luii'C  to  m'ltotiate  a  10‘i  .slope  (or  develop  a  dniwliar  pull  eipiul  to  10  Vi.  of  its 
own  weight  on  Icrel  groiiml)  with  2o‘r  pi obability,  Hefer  to  renter  enrve  of 
ligiire  .8  in  paper  No.  24.  .\t  10^,  tlie  eorrespoiidiiig  lifl  cs|Unl.s  4 s'!.  8ubtiaeting 
4.5  from  108  =  ItflA.  Plot  lO.'l.o  at  10 .s1o|>e. 

•)  AfMiv  KTi;;i«iPt’r  \\ntorwn_\T«  K^lM'rinuMit  TiH*hnirnl  Ali»mt^rniiiluni 

N(».  ’I’liK  I'liififil  Suil  ( i(»a  Sv>tci»,  Mar<-h  11153, 
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roiititiue.  an  iIcm  i ilii'd,  to  (U-vvlop  lurvos  tor  niiy  iirobnbility.  VCl  for 

iM»  %  protwIiiHiy  is  77.  lor  7*i  ^  iimbnbilily  is  47,  do. 

U»«  of  solDtioa.  —  Tlio  .so'.aiiuii  of  this  |>iulil<-iu  (see  iittk'licd  fif^nrc)  mn  be 
ristsl  to  aii»w«‘r  tin-  follo«'iiiK  '\lK‘  qiU'stioTis;  (Assume,  us  in  Mr.  Bokkors 
ihut  thr  nisi  of  tractiirs  viirirs  iiiver.si-ly  with  ihrir  jiiotiiiil  ]>rpssiiies). 

a)  Wliirli  tiui  tiir  must  Im  scU  rtcil  to  iiisuio  ibiit  nl  Uu.st  oD  Cc  of  the  level 
jiis-as  mn  lie  truversiMl  ?  (AiisH.-r;  Tno  tor  No.  4.  1‘mhnbility  for  No.  5  is  eppro- 
xiiiiately  47  fj-). 

b)  Wbirh  tl'iU'tor  run  iu'.;otiiiti'  lit  slo|»es  vvilli  no  iliuwlmr  loud  lUid  uilK 
7.')%  |•rl4■llbilil\ .*  (.Nnswer:  Truilur  No.  J). 

r)  Wbuh  trai  tor  slimild  bo  sob  iloil  to  iio;;oli.-itc  iil  least  7.'>  ^7  of  the  level 
.areas  and  alss»  bo  able  to  oiuTate  on  .10%  sIo|H'S  u  illi  at  least  .)t)  fr,  piobnhility 
of  .sitoeess?  lAiisttor;  Traitor  N».  i.  Tru.tor  No.  2  is  tlie  least  expensive  traitor 
vvhieh  will  satisfy  the  foinier  rispiiieioeiit  anti  it  »i!l  al.so  fatisly  the  latter). 

il)  What  |«'rtorinuin  e  van  be  expeeted  Iroiii  Iraelor  No.  .1?  (.Viisuei;  Tlactor 
No.  .1  will  lo*  able  to  trasvor.'e  approxiiiiately  71^7  ot  the  level  areas,  08%  of 
the  10%  slo|vs.  tit%  of  the  20%  slopes,  etc.  It  will  be  able  to  exert  u  drawbar 
pull  of  12,('tHt  !b  in  2.'i  %  of  the  level  areits,  ote.). 

e)  What  laaxinnnii  drawbar  pull  ran  tuietitr  No.  .i  exeit  ubile  (ditnbiug  a 
211  %•  slolie,  with  27%:  probability/  (.Answer:  Tiaelor  No.  .t  reiptilTS  .)1  KCI  to 
pro|K*l  itself  ou  level  p'roand.  lUT  creater  lliaii  UlS  will  menr  in  2.'> of  the  mens. 
Tberefore.  lU'I  units  =  lOH  —  A)  =  .'<7  me  uvniliible  as  soil  streuttth  over  and 
above  tbat  risiuiied  for  mere  self  propul.-.icii.  This  siieiii:bl  ean  be  ntilired  to 
develop  drawbar  pull  or  to  eliiiib  .slopes.  To  eliiiili  a  2l)  %  slope  will  letpiire  lO  ol 
the  i»7  KCI  tttiits.  (This  lip'ure.  10,  is  the  dtiTereine  in  Af'I  (on  the  ubsei.ssa)  for 
any  prob, ability  curve  between  (1  slope  ainl  20%  slope  oi  niny  be  louinl  at  slo|>e  -■  20 
oil  the  renter  eiirve  in  liu'iire  d  of  paiier  24).  AVitb  llie  leiaainini,'  47  Hf'l  miita 

^.',7  Id)  tile  traitor  lUii  ilevelo|i  ii  tow  load  eipial  to  .'>7%  of  its  weiirbt.  This 

liptro,  A7%.  is  obtained  liv  readinj:  the  renter  enrve  ol  lit-iire  A.  |m|ier  No.  24, 
»t  +'47  Ut‘I.  The  answer,  tberefore,  is  traitor  No.  3  ean  low  11.400  lb  while 
cliiubinjr  n  20  %  slopi>,  in  J.'i  %  of  tbe  nreus. 


Discussion  of  example.  —  AVbile  the  e.\aiii(>le  relcr-.  10  a  "Iveii  .-el  ol  truetoi.s 
and  «  leirtieiilur  .soil  lyi.e,  data  and  leibniipies  are  available  to  prediel  tbe  jiorfor- 
muiice  of  liny  exist  iiijr  \ebielo  or  any  vebiele  still  ,111  llie  .Iran  in;,'  boiird  t])i  oviiled 
It  is  not  ruirn  ally  liiifeienl  from  existiii;,'  vebi.  les)  on  any  line  nned  .soil  in  a 
teniiK-nite  i  liiinile  ninler  wet-.s.Mson  eoinlil  ions  .ind  also  bi!;b-nH)ist ,ire  eondilioiis 
(see  palar  No.  3.')  for  deliiiilions).  Slioblly  dilTereiil  lei  liniiiiies  (wbieb  are  nvnil.'iblc) 
will  jH-niiil  a  similar  analysis  for  voaise  oiiuiieil  soils  in  any  ehnmte. 

Also,  while  ibe  e.Mini|ile  inmnlid  loi  raie.luiu  variation  ill  the  .■•tien;^lb  (lU  I) 
of  II  fjiveii  soil  tviic,  it  would  have  hi  eu  ju'l  a>  )ira.  lo-able  to  solve  tbe  |ii  ablem 
fur  a  jiiven  aiea  with  11  known  imiistnie  npime,  a.s  /ilr.  J’.eks.r  did  in  In.s  examjde. 

Trojiiral  soil:-  and  iiretie  soils  me  e\per!e,l  to  reqnoid  to  similar  analysis; 
however,  basic  data  lelidin;.;  .soil  ;.lr.'iij;lb  ami  ilimale  have  nut  yet  been  re-  nniulated. 

It  is  pointed  nl  limt  tbe  Waterway .s  I'.xiieriment  ."Aiatimi  an,il;i>is  considers 
the  retnobled  s,  1  not  merely  llie  iii-sitii  iiiidistnibed  .soil.  It  is  al:io  einldmsl/ed 

that  niultilde  pa  -es  (40  to  nO  in  tbe  'amc  imlh)  are  na  inbereiil  eondition  of  the 
present  aiialvsi.s.  '.f  bas  been  tonnd  .■mpirieally  tbat  the  .soil  i  ..trenetb  wliieh  will 


)H'nint  -Itf  to  tiO  of  it  vch'ii-to  tviH  i»Pni)it  M-fcro  nianruTers  of  a  vehirle, 

i  f.,  isliiir|i  tuviiK,  liiirkin;;  out  nixl  l■rl>s<>ill);  its  own  trarkit,  rtr.  Thr  annlysi.4  therefore 
is  in  terms  of  innetienl  0|H'nitl<in  of  Inn-lors.  A  similnr  nnalysis  u!>o  oould  have 
heoii  mmie  on  I  lie  basis  of  one  stiaiiilit-linc  jniss  of  the  tmrlnni. 

Sumniaiy,  —  The  fi^jtire  nitiirheil  is  (|iinlitntiv'rly  simitar  to  fionre  Xo.  6  in 
Mr.  Itckker's  |iniH‘r.  Quantitative  eoni|>iii'isotis  rniinut  be  m.ule  since  tlilTercnt  soil 
eomlilions  were  iis.'-nmeil. 

Heeiuise  the  two  s»>lnti«ms  are  <|Uiilitalivety  similar,  it  woiibl  seem  rensoiiahle 
to  nsMime  llial  tliere  is  merit  in  liulti  of  tile  iiielliiiils  iiseil  to  oblaiii  tile  soliition.s. 
If  two  em|iirieal  methoils  are  aviiilalile  to  areoiii|ilis)i  ibe  same  |Mir|iose,  how  ran 
one  be  jmliie  su|>i‘riur  In  the  otlierf  In  a  liiial  .sense,  the  only  ineaiis  of  iloinj;  this 
is  to  test  Imtii  melhoils  .siiimllaiieonsly  uiiiler  the  .same  vi-huir  and  soibl  luiiilitions 
a  sallirieiil  mimtier  of  limes  to  eslalilish  wliieli  tiiethixl  is  the  more  nrciirate. 

Km|iirieal  oi  i|iiasi-lliiH)ietieal  iiiellioils  an-  fiisiiienl ly  eiiiploycsl  for  ex|)edicney 
or  beeaiise  truly  ilieoi  ei  ii  al  sotiilioiis  are  eoiiiplex  or  not  available.  Such  is  the 
ease  tmliiy  in  the  lielil  of  oIV  ioikI  loeoinntion  of  veliieles.  However,  an  Rente 
iiwaroness  ot  the  iiii|iorlaiire  ol  the  |>rolilem  is  ilrnwin;;  more  anil  more  rrscarrticrs 
into  tills  (lelil.  It  is  hojieil  that  the  iirohlem  will  he  a|'|iroaeheil  alom;  famlaiiieiital 
lines,  lor  it  is  eli'iir  that  aiiles.s  the  iiitei  relations  lielHeeii  movitijr  \ehicles  iiiij 
the  media  iiiKiii  whieli  they  iiio\e  are  mine  tlioroiiolily  umli  r'loosl,  sl^;nini>ant  im- 
liroveiiu'iits,  in  \eliiele  imdiility  olf  the  road  |iriilmldy  will  mil  be  alt.ained. 
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Some  predictions  as  to  the  possible  nature 
and  behavior  of  the  lunar  soils 

Qualche  previsione  sulla  probabile  natura 
e  sul  comportamento  del  snolo  sulla  luna 

•John  A.  Ryan  •) 


ABSTRACT.  —  Thfi  effrcts  o/  lunar  environmen'.  in  determining  the  nature 
and  behaiitor  of  the  lunar  soil  are  LOntitfered.  The  cnrironmcntct  parameters  discus:ed 
are  racuum.  gravltp.  temperature,  corpuscular  and  electromoonedc  radiation,  and 
meteorite  Impact.  These  parameters  are  discussed  indir iduallg  and  some  predictions  are 
made  as  to  their  combined  effect.  Areas  in  which  erperlmenta!  data  are  neeriei-.  are 
outlined  with  emphasis  glien  to  those  data  which  can  be  obtained  In  terrestrial 
laboratories. 

It  Is  Jouud  that  the  lunar  .soil  should  not  cau.se  serious  locomotion  problems  tnd 
In  /act  the  soil  behatior  map  he  such  that  the  locomottcn  problems  are,  in  general, 
comparable  to  or  less  severe  than  those  posed  bp  terrrstrlai  soils. 


Introduction.  --  A  voiiMuIornblc  niiiouiit  of  ^v^^lk  has  lu’cu  done  in  an 
efTinl  to  iinprow  «uir  innienilaiulinjt  of  Icrn-siria)  S4>il  iH'lnivioi'.  Witli  the 
advent  of  tl»e  spaii*  aye  and  tlu*  tilstiiirl  possii/ilily  of  lunar  and  planctaiy 
occuputiou  ill  the  f*»n's<'ujddf  futiin',  it  has  luruiii;-  lu’n-s-siry  for  ns  to  oNteiid 
our  iiiteirsis  to  iioi.-tcrro.strial  soils.  Of  etnirsr.  not  until  landings  iirr  inude  will 
it  W  no.s.sil)lo  to  deteriuinc  the  iiiitnrv  and  hrliavitir  of  siudi  .soil  with  any  liiol\ 
dcpivo  of  certainty.  However,  only  by  oblainiiip  as  nnicli  iiiforiualion  ns 
jxjssible  prior  to  sneh  landings  inuy  we  lie  aide  to  anticipate  suinc  of  the 
prohlrins  that  could  arise. 

The  first  inanmd  landings  will  most  likely  1k>  inadi-  «ii  tlie  moon  and  for 
this  reason  the  jn'i-sciit  di.seussion  will  In-  eonlincd  to  llie  moon.  This  discussion 
will  consist  of  llir<-e  parts;  a  brief  dt*seriplion  of  the  lunar  surface  ciivironiiicnt. 
an  outline  of  ]>re.sciit  ideas  as  to  the  eharaoteiistii  s  of  the  lunar  soil,  mid  fiunlly, 
eoiisidcratioii  of  the  effects  of  the  lunar  cnviroiuiienl  oii  the  soil  behavior. 

The  lunar  euviromnent.  —  There  are  .six  lunar  i  uvinuumuital  factors  that 
arc  of  iiuportaius*  t«i  this  study. 

1)  The  moon  essentially  ha.s  no  ntmo.sjiliere. 

2)  The  lunar  surface  pravitatioiiai  forec  is  rouphly  one-sixth  that  at 
the  terrestrial  surface. 


•)  Mi:<i*ile-*  Ahil  Spare  Svsteun  Knuineerini;,  Shihii  .Miaiica  .\iriTii(t 

Com  pan;-,  Ine. 


3)  TIm*  toinponituro  fliiingos  iit  the  liinnr  suifuco  Jiic  more  extrcnif 

ihnn  h«‘n*  un  i-jirJli,  tlu-  daiy  in  tcniprr.ituro  vnriation  being  roughly 

270"  C  at  the  siihsolar 

4)  The  lunar  surfaee  is  f\|Mis^‘f1  to  a  greater  solar  elect roniagiietic  Hiix 
in  the  ultraviolet  ami  in  eerliiiii  seetions  of  the  infrared  than  is  the  earth's 
sttrface  ami  at  no  fre(|Ui‘ney  is  the  Ilux  less  than  at  the  earth’s  surfnee. 

a)  The  hinar  surfaee  is  jlins-tly  ex])osed  to  eor])Usetilar  radiation,  Iwth 
csjsniie  and  s4ilnr. 

fi)  The  lunar  surfaee  is  unproteeted  against  the  iinj)aet  of  meteorites. 

Current  ideas  as  to  the  nature  of  the  lunar  soil.  —  'I'hc  two  prineipnl 
theorii-s  as  tu  the  origin  of  the  lunar  surfiice  features  ai-e  ineteoiitic  impart 
aiul  delluidi7..'ition  ;iiid  videaiiie  a<'lion The  aetnal  ineehanisin  is  probably 
some  nsndiinntion  of  tbe  two.  The  eoinposition  of  the  Inner  soil  will  dejieml 
uj)ou  whi<-li  nieebanisni  <loininate.s.  h’rom  ineteorilie  inipaet  it  would  be  expeeted 
that  iiielistrilie  <lebris  along  wilb  ilisrupled  surfaee  matei  ial  woiilil  be  seattciid 
»)ver  the  lunar  .stirfaee.  M.ost  ineleoriles  in-e  thought  to  be  of  eoinetary  origin 
ami  ilieir  eoni|>osition  is  unknown  I'or  the  renniiiuler,  those  of  jiossible 
a.steroidal  origin,  niekel-iroii  wonhi  be  expeeted  hut  most  of  the  mateiial 
would  i-oiisisl  »»f  silieales  sneb  as  olivine  and  iiyroxeiie,  and  sneh  non-silieales 
as  troilito  (FeS),  eobeiiile  (Fed*)  ami  grajihite TIh'  dlsiui>ted  surfaee 
material  eonld  be  eomposed  of  Igneotts  roek  fragments.  From  volcanic  action 
it  would  Im’  exi'eeted  tliat,  in  adilition  to  igneous  roek.  nneoiisolidatcd  materials 
.such  as  voleanic  ash  and  <ln.st  would  l)o  present^  ''’.  Kaily  experimental  work’* 
was  eoneenusl  witli  eoinparing  the  low  degree  of  iiolari/.ation  of  the  light 
from  the  moon  with  the  iiolarixation  prodneeil  hy  various  un  rest lial  materials. 
It  was  Ciineluded  tliat  tbe  lunar  .sitrfaee  materials  are  most  likely  in  jiowdcr 
form,  possibly  jxiwdered  pumiee.  Uecent  work  '•  has  extemh-d  this  earlier  work 
with  the  eonelusion  reaebed  that  the  lunar  surfaee  behavior  was  most  closely 
rvproilueed  hy  jiowdered  tiifTaecons  roek  and  voleanic  ash. 

There  Ls  wide  variaiiee  in  the  ideas  as  to  the  thiekness  of  tliis  soil  layer. 
Some  believe  the  layer  to  he  quite  thick,  on  Mn-  order  of  one  kilometer  or 
nioiv  ”.  3Iosl  values  given,  however,  are  le.ss  than  this.  From  eonsideiations 
of  ineiisirite  inllux,  estimates  of  ime  to  two  meters  have  been  made’*  *’.  From 
eoiisiih-rations  of  the  viileanie  hypothesis  it  has  been  estimated  that  tbe 
thiekness  in  the  nini'ia  could  be  as  groat  ns  1  meter,  and  elsewhere  u))  to  possibly 
1000  meters.  From  infrared  and  mieiowaw  measurements  it  has 

U-en  shown  tlnit  the  datii  ean  be  explained  by  a  tliiti  layer  of  dtist  over  a  bard 
substratum.  However  tbe  data  do  not  preelude  fbi'  presence  of  a  thick  layer 
of  dust  '‘-'i-n-ss  j„  U  5^  oxiieeted  that  the  thickness  of  the 

•soil  layer  will  vary  over  the  lunar  suiTaee. 

Till*  lunar  soil  material  would,  from  both  the  voleanic  and  meteoritie 
hypotheses,  be  expeeted  to  consist  of  much  fine  grained  material.  From  infrared 
meo.stirvnicnls tbe  grain  sizes  have  lieen  estimateil  to  he  about  0.3  mm 
or  less,  rolar'tr-nlioit  mea.stirements  indicate  tbe  presenee  of  mttelt  (btstbke 
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niatoriiil  (<[  .25  nmi).  ljal»oiiiti)iy  iiii'asiircini'iit.s  of  the  fiwli'omnKnotic  para* 
nii'liMM  as  a  rtiiu-tinn  of  praiii  si/i*  for  various  soil  luaJvrials -*  and  ramparison 
of  the  n'siilts  willt  raleulntc<l  values  for  the  elect romapiietie  paninieters  of  the 
lunar  surface-'  also  iiulicate  that  the  surface  ninterial  is  dust. 


Enviromnental  effects  on  the  natiure  and  behavior  of  the  Innar  soiL  — 
Since  the  envirtkiimeiti  detertuiues  the  .soil  we  .slumld  l)c  able  to  obtain  some 
peneral  iden.s  as  to  the  nature  and  behavior  of  the  lunnr  .soil  by  considering 
the  cfFeot.s  of  the  lunar  environiui-nt  on  the  bmar  s\irface.  The  environmental 
factors  We  will  <-oiisiih-r  here  are  vacuum,  gravitational  force,  radiation,  temper¬ 
ature  auil  lueteorilic  iiopnet.  To  do  lliis  wc  will  first  consider  eaeh  environ¬ 
mental  faettu-  separatcl.v  and  then  will  eoiidiiiie  the  effects  of  taeh  to  determine 
the  jmssihlc  uatiii-c  and  laduivior  of  the  lunar  soil. 


A)  Environmental  factors 


1,  J'lii  iiiim.  —  •  One  possihle  ctlVet  of  a  K'aeiinin  mi  soil  could  lie  on  it.s 
intcriud  friction.  It  is  well  known  that  the  mech.  iiual  Irietimi  Im-Iwccu 
eontnotin}r  snrfaees  is  apiuiciahly  greater  in  v.iciio  than  in  air.  In  many,  Init 
appjircntly  not  in  all  east's,  outpasscil  surfaces  in  vacuo  will  atllivie  and  sliding 
along  the  interface  will  no  longer  hi'  luissihic.  rnforlun.itcly.  this  fact  ha.s  been 
little  a()preeiatt'tl  insofar  as  its  efl’ci't  on  the  internal  filclion  of  hinitr  soils 
is  couccriusl  and  as  a  result  no  iiilcriial  friction  ilata  in  vaeuo  are  available. 
There  arc.  howevt'C.  tlata  on  thi'  sialic  friclion  tif  a  few  possible  lunar  soil 
materials.  The  ctM'ffieicnt  of  static  friction  for  freshly  cleaved  mica  surfaces  is 
about  /I  —  1  which,  with  c.Nposnrc  of  the  surfaces  to  air.  falls  to  alKiut  /i  0.4. 
The  cocfliciciit  of  static  friclion  for  graphite.  /i  =  0.15  in  air,  list's  to  about 
/I  ~  0.5G  in  vacn«»  Nickel  aiul  ii-mi,  wliieh  art'  po.ssihli'  lunar  soil  malerinls, 
havi'  been  found  to  wt'ld  in  vaeuo.  Though  these  ibila  were  ohtaiued  for  fuirposes 
imrelatetl  to  the  stmly  of  soil  helun  it>r.  tlii',\’  serve  to  imli.'.ite  that  a  considerable 
i!iervase  in  the  iiiecbunit'al  friction  comjmni'nt  of  the  iuteiiud  friction  could 


Whether  or  not  the  internal  rriflion  of  a  soil  in  vacuo  is  greater  than 
that  of  ciihi'sioidf.ss  terrestrial  soils  tlcpeiuls  on  the  effect  tif  vacuum  eoitditions 
on  the  .soil  porosity.  Vaeumn  eoiidiiions  will  triitl  to  inerea>e  both  the  soil 
poi'osil.v  aiul  the  inti'cnaj  frietiou  by  iiieri'iiscd  grain  tuigiilarily  due  to  the 
lack  of  It'irest rial-lypi'  |■rllsillnal  iiriiee>si's.  iiiiil  h.v  ll'.e  iiu’rca.si'  in  niechanical 
friction.  However,  since  internal  friction  dccrcaxi's  as  imrosity  iucroasc.s,  it 
lua.v  wdl  la',  assuming  all  other  factors  to  I'einaiii  the  same,  that  the  ])orosity 
will  be  greater  limn  .iml  the  intt'inal  frietiou  will  Is*  comparable  to  that  of 
cohesion  less  terrestrial  soils  (such  as  tlr.v  sand). 


2.  (iriirilif.  —  The  porosity,  among  othi'r  factors,  ile|)vntls  upon  the  soil 
weight  and  the  e.xternal  load.  The  imrosit.v  of  a  soil  fmiiK'il  under  the  lunar 
gravity  would  he  greater  at  any  gi\t‘n  ilepth  than  an  ciiuivalent  soil  formed 


fcif  %  r».l , 


undiT  li'i  ivsliiiil  jfinviiy.  In  n<1«lttioii,  th»‘  |>4»rosity  wil!  <T(‘p4‘n<l  on  ito  manner 
in  which  niiivily  efTccts  the  .S4>il  acctvtion  mivJiniiism.  For  a  given  m-crction 
mcfJianisin  such  as  grain  tiMiisjK)rl  parallel  to  the  soil  surface  or  Krain  impact 
(from  a  given  height)  npiiii  the  snrfjus*  at  vehs-ities  Im'Idiv  that  at  which  coin- 
luiiiutinn  iniiy  (wcur,  the  n-siiltniil  jion»ity  usriihl  1>c  gn-atcr  for  smaller  values 
of  gnivily.  h'or  ginin  im)>:icf  at  etismic  vehaMties,  though  information  is  larking, 
one  woiiUl  expect  that  this  jKn-»»sity-gi-uvily  ivlationship  shunhl  he  the  same. 
Thus,  the  poriisity  should  In*  givaiest  for  tin*  soil  foriacd  tinder  the  smallest 
gravitational  force. 

It  is  ipiite  appiireiit  then,  that  ft>r  a  gi\cn  haul  placed  on  the  suit  surface 
the  naiuimt  of  coiapaetinn  will  Is*  gr«'atesl  for  the  .soil  iiiuler  the  smallest 
gravity.  However,  it  is  not  iimoediatei/  evitlent  wln-ther  this  will  also  be  true 
for  a  givi'ii  iitaivs  jilaced  on  the  soil  surface.  Which  soil  will  compact  more 
depends  on  the  slojies  of  the  lespei-tivc  |>ori>.sit.v-loiid  etii  vcs,  in  the  lo;id  range 
of  interest.  It  would  he  expected  that  with  .1  given  applied  mass  tlir  coiiipaotion 
of  ilie  lunar  soil  will  e.xeeed  that  for  coheshmiess  ti'rrestrial  soils  only  if  the 
initial  lunar  soil  pmosity  is  quite  high. 

As  the  poixrsit.v  increases,  the  amount  «>f  iiiterl<M-hing  and  hence  the  angle 
of  interiial  friction  wilt  decrcasi-.  Thus  the  internal  friction  will  l»c  smallest 
for  the  soil  foriinsl  miilcr  the  sinalh-si  griivitalional  force,  all  other  factors 
rcntaining  the  same. 

3.  —  Solar  and  wsmic  radiation  ineiilent  upon  the  lunar  surface 

may  have  an  iiiiitreeiable  effect  on  the  nature  of  the  surface  materials  and  ott 
the  .soil  behavior.  It  has  been  variously  postulated  that  this  iiieidcnt  radiatiou 
may  act,  througli  lailiation  damage,  to  hrenk  up  the  surface  nintni.'d  into  a 
very  fine  jiiiwder  ”,  that  (vrptiscular  r.uliation  impact  lua.v  pnHliu-e  a  hirgi* 
aiiiiitmt  of  sputtered  material  wicii  some  of  this  sj>uttensl  ntaterial  lK*ing 
rc<h]nisiteil  at  the  surface  to  form  :i  eemciit  Is'twtsu  the  grains’^,  and  that 
luohs-ulai'  fragments  and  free  radieals  may  lx*  fornietl  ami  anuuuilate  iu  awas 
of  low  temiHraturo 

C'oiisideriiig  the  possihility  of  radiation  <lani;ige.  the  a\ailable  e.xjKTinieiitul 
data  can  he  divided  into  two  classes,  studies  of  arlilieial  iir:nli:ition,  and 
studii-s  111'  rocks  and  minerals  that  have  Ins'n  e.xjioMMl  to  natural  ii  radia¬ 
tions  The  results  of  these  in\ est igat ions,  insofar  ns 

Ihov  parameters  which  may  afl'ect  soil  hchavior  are  eoiiei-rntsl,  may  lx? 
siuiimai  i/.ed  by  saying  tlial  the  irradia.tion  generally  produced  a  deereas*'  in 
density,  a  dicrease  in  .sireiiglli,  .iml  in  some  eases  partial  disrujition  of  tbe 
material  into  powder  form,  rnroriniiately,  ,ns  with  tlie  experimental  work  on 
high-vaenum  friction,  this  wairk  was  done  for  purposis  unix-hitcd  to  the  stmly 
of  si.iil  In'liavior  so  that  the  nialerials  investigated  arc,  in  geuer.il,  not  typical 
of  materi.ds  one  wo\dd  expect  at  the  loiiar  surfaci'  and  the  d.ita  arc  in  a  form 
not  readily  iipiilieahle  to  soil  Ix-lmvior  studies. 

ihie  e.niiu  t  eoiiehnle,  tlien,  wliat  degree  of  radiation  tlamage  may  c.xist  at 
the  lunar  surface  since  the  amount  of  damage  dejicnds  on  the  l.vjie  of  material, 
the  type  of  crx'stallino  structure,  the  radiation  level,  the  duration  of  exposure. 


ami  the  nite  of  nwverr  fron>  the  mdiation  (Inmnfre.  The  rate  (tf  icoovory  is 
«t  partienlar  importanet'  aiiiet*  for  some  minerals  expoMsl  to  latlioactix  e  nintci  iol. 
tlie  reeovery  nite  at  room  tempenituiv  is  Rn>at  eiioii<;lj  so  that  the  amount  of 
railialioii  <hinin<'e  n-niains  small'*.  t)n  the  other  liaiul,  the  radiation  may 
proihiee  componenls  whieh  the  moon  eaiinol  n-taiii  so  that  rerovery  cannot  occur. 

Th  er»'  ids'  <rrtain  .soil  panuiielers  whieh  this  «lamaj:c,  if  prc.smit,  may  affect. 
The  evidence  indiciiti's  that  the  hy|Mithesis  »»f  the  incident  radiation  reducing 
surfats'  material  to  a  line  powdi-r  may  In*  eoriss-t.  Hadiation  could  thus  act  as 
a  soil  ac(-ivtit:ii  mechanism,  fm-ming  fine  graiinsl  material  rr'um  larger  particles 
and  from  e.sposisl  rock  faces.  In  addition  to  a  nslnetioii  of  grain  si/.c,  one 
would  exjM'ct  a  deci-ca.se  in  th**  angularity  of  at  least  the  larger  grains  though 
tlie  rim-r  grains  pro<lnced  wsndd  lhems«dvrH  he  angular. 

f'oiisitlering  the  effects  of  sputtering,  it  has  reci-nlly  hceii  shown  that 
s|iultered  material  >locs  indeed  act  as  a  remeiitiiig  agent.  .\s  fiir  the  effect  of 
simtti-ring  on  tl;e  soil  |iaramet4-rs.  it  is  apparent  that  sliunid  the  lumir  stirfacc 
consist  of  gi-aiiular  maii-rial.  sj>nitering  will  tend  to  reduce  the  .soil  porosity 
uiih-ss  such  siuilleriiig  has  an  appreeiahle  effect  «»i»  the  grain  spaeiug.  Ou  the 
oiliiT  hand,  if  the  surfa«-«-  slmuhl  consist  only  t>f  sputlereil  imitcrial.  it  would 
Ik-  «-.\pii-teil  tliat  the  poi-osity  of  this  maleiial  should  1m“  ipiitc  higli.  Not  umch 
can  Ik-  said  alioui  the  t fleets  of  sjmtti*r!ng  on  the  inteiual  fiietioii  since  the 
iisolljiiil  ii'ti-rual  fiietion  will  depend  n|ion  the  poiosity,  ti|)on  the  strengths 
of  the  Imnds  foi-iiu-d,  and  upon  the  pens-iitage  of  grains  whit-li  ai-e  ei-mented. 

Though  thei-<'  is  tio  e.Npi-riiiiental  «-vi;lenee  available,  it  is  possible  to  make 
some  piK-diel ions  as  to  what  the  Imnd  stniiglh  may  bi-.  l-’rom  .some  ratber 
i|Ualitativc  arguan-nts  it  «-aii  lie  rea.som'd  that  if  .n  eoiisiderahh'  pi-i-ei-ntagc  ot 
the  lunar  sni-ria-e  consists  of  et-nu-nted  material,  tlien  the  ImioIs  must  lie  (piitc 
Weak.  Tln-.se  argiinu-nts  j-onie  from  eousiderat ion  of  the  i  xpefimentally  dcler- 
miiuil  lunar  inl'i-aet-d  t'lupi-iature.  Ki-oin  thr.-^*  data,  find  ;ts.suioing  that 
e  =  O.'J  eal  gni  where  e  speeilie  heat,  it  is  toiiud  that  lor  the  luintr 
siirf.-iee  iiiaterial,  nh  >  •'>  X  10’-,  where  p  =■  hulk  density  (gm/em')  imd 
k  —  elVeelive  tlieriiml  <-ondu(-tivity  (eal/ctn  see  ‘t,’).  For  any  reasoiialile  vahii- 
of  tile  hulk  deiisitv-  twith  the  assumption  that  tin-  mateiial  density  is  ‘.S  gm/em' 
leasouahle  Viiliivs  for  />  .ire  taken  as  thiisr*  enrrespondiiig  to  a  porosity  ot  !)7  'e 
or  less)  it  is  found  lli.-'l  tlie  t-ffi-etive  thermal  eondm-livity  must  also  he  iputc 
stiudl  a  X  lO’"').  >’<ueh  hiw  values  for  the  Ihenn.il  eondlletivity  Ciin  he 
ii-iK-heil  liy  granular  lualcrials  in  vneim.  Tin*  priioary  nici-litinism  of  lieat 
transfer  in  sin-li  ii  ea.se  is  b\  eoiidtielion  t’.muigh  tin*  giiiins  iind  across  the 
gi-aiii  eonlin-ts.  The  condnetion  across  the  grain  loiitsiets  is  of  pai-tieiilar  imjior- 
taiuv,  since  at  these  points  the  lliei-mal  n-.slstanec  is  ipiite  high.  If  tin-  grains 
;ir«'  eeiiieiiti-d.  then  in  oi-iti*r  to  maintain  this  high  contact  i-i-sistjnu'c  and  lienee 
retain  a  ihei-nial  eundin-iiiity  eorresponding  to  a  ri  asoiiahle  value  of  the  lutlk 
density,  it  is  la-eessary  that  the  porosity  of  the  cement  he  iptitc  high.  .Sueli  a 
high  porosity  implies  a  low  binnl  .strength.  Thi.s  eonelnsion  is  valid,  of  course, 
onlv  if  tlic  (-enii-nted  material  eonslilules  a  major  jiortion  of  the  lunar  siu-faec. 
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4.  —  The  pmit  lemiH'iiituro  ohniipc!)  at  tl>e  lunar  surface 
may  eaiiw  sitallntidii  of  oxpt^sctl  rock  nialcriiil,  Imt  such  spallistion  slioulil  bo 
but  a  minor  wiiitrihutor  to  the  acci-ction  of  the  lunar  soil.  The  mechanical 
friction  cumiMinent  of  the  internal  friction  of  soils  may  ehan}j«-  with  tentprrature. 
There  art'  no  tlata  available  for  soil  materials,  bvit  front  the  results  obtained 
for  other  nialcrials  it  appears  that  sipnifteant  ehanpes  in  nieelianieal  friction 
couUl  ots'ur,  jiartifularly  ut  Uiuperalures  la*lo\v  0  *C  **. 

5.  Mclforiit  UHiUH-t.  —  Meti-orite  impact  is  a  major  soil  accretion  mechanism, 
both  from  the  addition  of  matter  from  si>aee  and  the  bnaknit  of  surface 
material.  To  determine  how  such  impact  an'ects  the  lunar  surface  it  is  necessary 
to  consider  the  imvhanies  of  imjtaet.  Most  but  not  all  of  the  inijiaets  will  Ite 
of  the  liyperveloeity  type that  is  at  velocities  liipb  enoUiili  so  that  melting 
a»id  vap(»rization  of  ineti-oriti'  and  target  inatei-ial  can  iK-eiir.  Tliongb  the 
ineeliaities  of  inipael  are  not  completely  nnib-rslood  and  ibere  is  no  e\i)erimental 
information  nvailalile  for  impael  upon  granular  material,  tlie  ]))oeesses  likely 
to  o<‘eur  during  such  iuipaot  can  Ik*  outlined.  Melting  should  occur  in  the 
imiinxliatc  vicinity  of  the  impact  point.  Some  of  this  molten  material  may  l)c 
liurhsi  outward  in  the  form  of  a  mther  line  spray.  This  spray  mihi  art  ns  a 
e»-menting  agent,  provided  that  tit  the  time  of  deposition  the  droplets  arc  still 
molten.  That  iiuiterinl  which  remain.s  in  the  eniter.  siionhl  !>!■  Iiighly  ebargeJ 
with  gas,  so  that  as  it  ewils  a  slag  or  frolli-like  material  may  Ix'  foniu'd.  Sonic 
material  may  Ik*  vaporizisl.  Much  of  this  may  ('scape  from  the  moon,  Init  tlnit 
wbieh  remains  can  act  as  a  cementing  agent.  In  addition,  a  sliock  wave  will 
Ik*  propagated  otitwatil  from  the  iiiij)aet  point.  This  slioek  wave,  besides  being 
llu*  cause  of  the  melting  and  vaporization,  may  net  to  disrupt  solid  material, 
to  break  cemented  Ixuids  formed  by  previous  impacts  and  to  burl  such  di.srupted 
tnatcrial  away  from  the  impnet  arc'O. 

Considering  tl«e  effeet  of  meteorite  impa-t  uptni  llie  imiosity,  it  appears 
that  an  *  eipidibrium  »  porosity  may  1k‘  achieved  wliich  could  be  reasonably 
idgb.  .\s  for  grain  si/.e,  the  eflVet  of  llte  impact  w.)u!d  be  to  jiroiluee  liner  grains, 
within  limits.  .\s  for  the  grain  simpe.  most  would  be  tpiite  angular  witli  those 
produced  from  breakup  of  the  froths  perlmiis  tending  to  l,>e  c  p’.aty ».  Tn 
addition,  a  snm  n  I  (cis'entage  of  spheroidal  grains  could  Iv  formed  if  some  part 
of  the  luollen  spray  solidilie.s  prior  to  deposition. 


I))  Combined  effect  of  tho  environmental  factor? 

1.  Soil  nt-rrelion  and  transport.  —  It  has  been  found  that  tbeiv  are  two 
possible  soil  lu'uducing  meelmuisnis  acting  at  the  lunar  .surfai  e,  meti'orite  imiiaet 
and  eorpuseular  radiations.  In  addition  to  these,  there  are  two  iueeluniisins 
which  have  not  Ixfii  di.seu,s.sed,  but  whieli  may  also  net.  Tlie.'-e  are  loleanic 
action  and  .seismic  activity.  All  four  of  these  can  net  also  as  transport  meelm- 
iiisms  under  the  innnenee  of  gravity. 
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2.  drain  size  and  xhupe  for  the  tincansoHdaftd  poiiion  of  the  sui'facf.  — 
E.\|H'rinu'iiliil  i-viiloiiw  iinlicittps  tliiit  tlic  luimr  soil  poiisists  of  j^rains  predo- 
niinaiitly  i»f  dust  sizo  (<  .2r)  mni).  TIip  cfTi'cts  of  ineidpiit  radiation  and 
niotroi-ito  iinjaict  arc  to  ])ioducc  such  fine  j'raintd  iiiiitcriul.  As  for  t!tc  grain 
shape,  radiation  shouKI  tend  to  ivdiu-e  grain  angularity  hy  ei-osion  of  tlu*  grain 
surfaces,  but  at  the  sjuuc  time  it  wouM  be  expeelrsl  that  any  dustlike  material 
pitKluee*!  by  this  radiation  would  itself  la*  angular.  In  ndilition,  meteorite 
iiuj)aet  should  giiierally  net  to  increase  grain  angularity  and  terrestrial-type 
eiosiuual  processes  are  absent.  Thus  it  is  unite  likely  that  tlie  lunar  soil  grains 
should  be  statistically  more  angular  than  the  grains  of  typical  cohesionless 
lerreslrial  soils. 

•i.  /‘oroxify.  —  .\u  iueicasc  of  ims-hanical  friction,  a  reduced  gravity  and 
:i  pre.ater  grain  aiigidarity  iiidicate  that  tlu-  porosity  of  the  lunar  soil  .should 
Ik*  considerably  greater  than  that  of  typical  eohesioidess  terrestrial  .soils. 
Meteorite  impact  ami  cementation  may  however  place  a  limit  u])on  how  high 
the  |H»rosity  can  1h*.  ()ne  would  4*\peet  that  n  Miil  formed  by  impact  would 
have  n  |>orosity  less  than  that  of  a  soil  formeil  by  a  mechanism  of  accretion 
involving  predominantly  movement  parallel  to  the  .soil  surface,  rnfortuuntcly, 
there  is  not  sutTieietit  infoiinati  in  available  at  ]>ri-s;  iit  on  impact  pheiionuiia, 
jiarticularly  for  h.\  perv4*locily  itui>aet,  to  conclude  what  the  net  effect  of  such 
itupact  tuny  he.  However,  the  available  expeiimcnlnl  evidence  indicates  that 
the  soil  p^irosity  in.'iy  be  <|uit<*  high,  perhaps  as  gicat  as  00  u.>^.,n^sc 

4jf  this  ,nnd  Itccause  tdl  the  soil  parameltis,  with  the  po.ssible  (>xecptii)n  of  the 
impact  jrhetioau'iia.  indicate  a  poiosity  greater  than  that  of  eohesioidess 
terrestrial  soils,  it  seems  likely  that  iiiiy  comitaetive  tcndeiieies  meteorites  may 
lutvi*  are  not  suffieient  to  counteract  those  effects  which  ai*t  to  jtroducc  a 
high  porosity. 

Wc  cnimot  conclude  iit  present  whi-lher  or  not  the  lunar  soil  i>orosity  ma.v 
Ik*  as  great  as  ‘10  There  arc,  however,  two  factors,  a  high  coefficient  of 
lucchnnieal  friction  with  a|)prcciable  adhesion,  and  considerable  grain  angu¬ 
larity,  that  could  prtMluee  such  a  high  porosit.v.  Xo  data  are  available  for  the 
meehnnical  friction.  As  for  grain  angularity,  it  has  Ik'i'ii  dcinon.straled  a  number 
of  yenrs  ago  that  the  porosity  of  a  loosely  fortm.!  s.u!d-inien  mixture  is  greater 
than  that  of  the  sand  alone In  fact,  for  a  inixture  coiitainii’  40  by 
weight  mica,  tlic  I'orosjty  was  found  to  Ik-  84  ^'c. 

4.  ArigU  nf  internal  friction.  —  The  factors  tending  to  cause  tlic  angle 
of  internid  friction  to  he  greater  than  that  for  terrestrial  soils  are  the  iriercascd 
mechanical  fridion,  the  increased  grain  angularity  and  perhaps  ceniciitntion 
and  slag  forma  ion.  The  factors  tending  to  cause  the  angle  of  internal  friction 
to  be  less  than  that  f(jr  terrestrial  soils  arc  the  high  iiorosity  and  perhaps 
cementation  and  slag  formation. 

It  cannot  he  coneliided  .at  present  what  the  angle  of  internal  friction 
may  be.  However,  duo  to  the  highly  frictinnal  nature  of  tlic  soil,  for  a  given 
l>orosity  the  angle  of  infernal  friction  should  be  considerably  greater  than 
ibat  of  a  cohesionlcss  tern-strial  soil  at  the  .same  i>orosity. 
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('omiHiction.  —  If  tho  lumir  noil  poixwity  is  poinpnrsihh*  to  or  not  much 
gioiili'r  tliiiu  thilt  of  <“<ilu‘.iionlcss  torivstiiiil  soils,  the  amount  of  compaction 
umlor  loiul  should  not  be  excessive.  ll«»vvev<‘r,  since  pixiblcius  may  arise  if  the 
porosity  is  as  t'cciit  ns  HO  it  is  of  iiiteix'st  to  consider  this  possihility. 

lu  the  work  diseiissi'd  previously  «s)ius>rninj'  tlie  porosity  of  sand-niica 
mixtures,  tlio  ixirosity  was  also  measured  after  ap]ilicntion  of  a  load  of 
I  Kjr''ei)r  ill  air.  The  s;imple  initially  at  a  iu>ro.sity  of  rt-l  was  reduced  to  a 
porosity  of  74  by  this  load,  lu  this  «'xperiiiieiit,  the  soil  was  eoiifincd  within 
:i  (graduate  ( presuaialily  1000  ml)  so  that  for  soil  in  situ  the  change  in  porosity 
should  1h'  ereati-r.  However,  the  loails  «»f  interest  for  lunar  loeoniotion  coiisi- 
th  ratioiis  are  miteli  less  tliaii  the  I  K«,  eui*  umsI  in  this  experiment,  the 
i-oeffieient  of  lueehauieal  fiieti«in  will  la-  Inplier,  and  cementation  may  l)e 
present.  Ill  addilion.  tlie  poi-osity  sbi>ul<l  deerease  and  the  internal  fnetion 
iiielease  willi  depth.  These  eoiisiderat iolis  imply,  thiili<;h  they  certainly  don't 
prove,  that  even  should  the  initial  lunar  soil  poistsily  he  as  (Treat  as  !K)  Tc. 
ioeoiiiotion  inohleiiis  should  not  Im‘  too  serious.  In  I'aet.  when  one  cotisidi  w 
the  la<-k  of  water  and  the  hiclily  frieiioiial  nature  of  thi*  lunar  soil,  it  is  hard  to 
iina^riiie  that  the  prohleins  eonhl  lu-  .is  serious  as  those  posi'd  by  terrestrial  soils. 

().  i  iiridliiiit^  in  tin  Hnlurt  niul  Inlnirifir  of  llir  xoit.  —  \Vc  have 

made  a  nniiiher  of  piedietiuns  as  to  the  nature  and  heliavior  of  the  lunar  soil. 
We  hav('  nut.  however,  considered  the  juKsihility  ol  inarkisl  lateral  variations 
in  the  soil  heliavior. .  Uel'ore  eoiu-lndiii!'  this  iliscttssion  it  is .  of  iiiten^sl  to 
eoiisider  hiielly  what  lateral  variations  iiiay  oeenr.  I•’il•sl.  it  is  iinile  po>esihle 
that  in  the  vieinity  of  iiiipaet  and  voleaiiie  crati  is  appreeiahle  amounts  of  larpte 
rock  fraoiiieiits  and  hmihlers  ina.v  i-xist  in  tiie  soil.  Seeoiid,  the  amount  of 
eeiiieiitat ion  will  var.v  over  the  snri’aee.  heiii}!  least  in  the  vieinity  ol  the  lunar 
poles  ainl  in  sheltered  areas.  There  may  also  he  pockets  in  the  soil  when' 
eeineiitat ion  is  lae!;in}:.  Sneli  p«Mkels  would  oeenr  in  ai'eas  in  which  a  lar<:e 
ninount  of  soil  malei  ial  has  been  deposited  in  a  short  liau'.  riiinl,  as  tneiuioiicd 
earlier,  the  soil  la.'er  lliiekiiess  can  l>e  e\]tecled  to  var.v  over  the  siuTare. 
Konrth,  the  ineehaiiieal  I'rietion  will  vary.  In  areas  l  ontainin}'  a  larce  pen'enta;;e 
of  materials  which  can  weld  ia  \aeno,  the  nwehaiiieal  frielion  will  hr-  ipiile  li’cli. 
Snell  areas  could  cause  loeoinotion  difficulties  if  the  vehicle  la'arino  surface  is 
composed  of  material  which  will  adhere  to  tin-  soil.  In  other  aivas  where  (fas 
is  scepiiio  lliron-fh  the  soil,  the  iiieehanieai  frielion  may  1h*  eomp.irahle  to  llmt 
of  terrestrial  soils  and  the  heariiit:  capacity  may  he  (ptiti'  low.  Finally,  it  is  to 
be  e.\|)eeted  that  the  soil  porosity  will  var.v.  Siiue  the  lateral  ehanifes  in  lunar 
soil  lieha\ ior  can  eoiiceixahly  be  uniU’  laiy;e,  it  is  iinjautaiil  that  we  Ix'  able 
to  leeoffiiize  areas  that  may  present  speciah  problems  and  determine  fniin 
experiiiumtal  work  the  imieiiitndes  of  the  chaiiees  that  may  occur. 

Conclusions.  —  The  following  eoiuparisuns  hetwecn  Umar  and  eohesionless 
teiiesi rial  soils  can  he  made: 

1)  The  lunar  .soil  trains  are  pcnerally  of  diist  size,  eoaiparnhle  to  fine  .s-and. 

2)  The  Iniiar  soil  (fiains  are  statistically  more  niienlar. 
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3)  Tho  luniir  w»n  poi'»»silr  shotiM  Ix*  hi)»hrr  and  may  ho  ns  gi-ont  as  90 

4)  Tlic  internal  frietHin  of  tin*  lunar  j«»n  may  lx  •ireaKr  or  siniiller 
dopeiuliitfr  upon  the  value  of  tlu*  porosity  ami  on  whether  or  not  eenientation 
is  piost'Ut. 

'))  If  the  |>»»f«>siiy  Lh  as  jrreat  as  90 there  nmy  K*  some  Iwoniolioa 
problems,  llowev«‘r.  if  the  porosity  is  not  iiuieh  srt\‘ater  than  that  of  i-ohesionless 
tenvstrial  soils  thei-i‘  should  lx.  in  general,  no  loroniotion  pn>hloms. 

(3)  Finally,  as  with  tern-strial  soils,  luarkisl  lateral  Chanel's  in  soil 
behavior  ean  lx  expi-eted. 

We  have  seen  that  theix*  is  a  hiree  atiiianii  of  expe.riineiital  data  that  enn 
and  sluiiild  In'  ohtained  in  terinsirial  |jilMie:itorit-s,  It  is  important  that  these 
exiaTiim  nts  Ik-  fierforaicd  siinv  the  results  ohi.-iiiusl  will  aid  in  making  better 
pre<li(  lions  as  to  the  lunar  .soil  Imhavioe  and  tin-  ninouitnde  of  the  loooiuotion 
prohh  Ills  that  may  arise. 
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Probable  soil  conditions  on  the  moon 
and  terrestrial  planets 

Probabili  condizioni  del  suolo  sulla  luna 
ed  altri  pianeti 

X.  A.  Wku,*) 


ABSTRACT.  — ■  A  retleto  l.t  presented  of  the  current  state  of  kr.owlege  r>f  surface 
conditions  eiistlng  on  the  moon  and  terrestrial  planets  (Mercury,  Venus.  Mars),  as 
dericed  from  the  results  of  scientific  iniestifiotions  reported  in  the  open  literature. 

From  evidence  available  to  date,  conclusions  are  drawn  »n  regard  fo  the  environ¬ 
mental  and  sail  conditions  most  likelg  to  ej-rst  on  these  celestial  bodies.  Based  upon 
available  data,  reasonably  firm  conclusions  con  be  presented  regarding  surface  conditions 
likely  to  exist  on  the  moon;  information  in  this  regard  Is  much  more  hypothetical 
concerning  the  terrestrial  planets. 

Finally,  conclusions  are  drawn  as  to  the  logical  areas  to  be  sought  out  for  lunar 
landings.  It  is  suggested  that  such  landings  be  aimed  at  the  corner  maria  preferentially, 
arid  the  concave  rnariu  as  a  second  choice.  Crater  rims,  lunar  highlands  or  the  floors 
of  ring-tcalled  planes  are  not  recommended  as  landing  targets,  .since  each  of  these 
appear  to  pose  difficult  problems  in  regard  to  a  vehicle  alighting  on  these  surfaces. 


Introduction 

As  pari  of  tiu*  I'niUMl  >'laU‘s  spa<i‘  exploration  |no>iriiiii,  icsoiireli  is 
currently  in  prottre.-w  lor  rlevelopiiifr  spaeeeralt  anti  iiiijiaet  payloails  for  Intiar 
landinjis.  I'nrrent  plaii.s  forinnlated  liy  llie  X’ational  Aeronautics  and  Spare 
Ajjency  call  f  ti-  three  series  of  iinmanned  lunar  exiiloratory  siudit's:  the  Kaui;cr 
series  lop^'ratioiial  in  the  Surveyor  (operational  hy  1!)C5)  and  the 

ProsjKH'lor  .verh’s  (operiitional  in  lOOS).  The  Hanger  .shots  will  earry  iitstru- 
nienteil  packages  seutlin*:  hark  inlorination  from  some  tlistauee  ahove  the  lunar 
stirfnee.  The  instrument  paekafre,  however,  will  erash  at  a  eonsitlernhlo  velocity 
into  the  intMin’s  surface,  and  is  not  exi»eeted  to  suivivi>  lamlinfr  imiiaet. 
The  Siii-veytu-  series  will  1h>  a  «  soft  landin;;  >  paek.i^i',  impactiiif;  the  .surface 
at  a  low  eiioutth  lo  cause  no  ilaiuafre  to  the  instruments  container  in  it. 

I  IK>ii  laiitlinp,  the  Surveyor  is  expected  to  "aihrr  data  irfrardiii}'  the  inteiisily 
of  casniic  radiation.  aimos]iherie  eomposilitm,  temperatuie  eoiulitions,  surface 
Inuslncsii  and  etunpositiou.  suli.surfaee  radioaelix  it.v.  therm.nl  "ladieuts  and 
seismic  aetivity  at  the  hinar  snrfaee.  The  l’ros]iector  .series  will  [;athcr  roughly 

•)  nirfptiif  nf  Mcohriiic.^  Koscarrh,  Aribour  lU"^oarch  FouiidatiiMi  uf  the  Illinois 
Institute  iif  Trvliini’.ojiy,  (.'hirai;**.  IHiiiuis, 


similnr  int«iini:ttion,  except  tliat  this  packaec  will  J)o  able  to  penotmte  the 
sm-facc  to  a  imtcli  "nater  extent  than  the  Surveyor,  and  the  packatro  will  nlw 
Ik'  eijitippe-I  with  means  for  hiconiotion.  "iviuK  it  coiisiderahle  inoliility  to 
explore  the  lunar  surface,  lleiiiote  controls  aiul  telemetei  iiifr  will  lx*  usisl  in 
all  tlii'i’e  series  to  transtoit  isimmands  and  ohiaiii  infurin.ation  and  ilata  eatheivd 
by  the  iiisiriiments.  This  initial  phasi‘  will  be  followed  hy  manned  landings  on 
live  UHHM>  as  |Ktrl  of  man  s  i>rt>l>in}f  t»»w,-tial  the  plaints  and.  substqueiitlv, 
the  stars. 

Tit  any  atrein|>t  to  latnl  on  the  in.»on  and  later  on  the  planets,  llieix*  is  a 
need  to  prepare  for  the  woisi  snrfa<-«  eoiiditions  that  ini;;ht  Ix'  t>ncountered. 
rnfortuimtely.  \ciy  little  is  (irmly  kinmii  ;ilH»ut  the  snrfam-  even  of  oiir  nearest 
eelestiiil  neijililHir,  tin-  iihsUi.  Aecordiiit;  to  one  hypothesis  the  imHai's  surface 
may  be  eovi-i'ed  with  a  iliist  la_\(  r  perhaps  kilonieters  in  de))ih;  aecordinp  to 
alternate  views  In^ld,  the  iimria  are  the  is-siilt  ol  Ia\*a  ilows  oi*  eoiisist  of 
itjtftloinei ated  partieK-s  of  shallow  depth.  .\t  least  in  ri'fraisl  to  the  moon,  enough 
fragmentary  information  exists  to  allow  for  the  foiimilation  of  (sometimes 
head-on  opposite)  theories.  Knowle(l;;i'  ri;;aidiim'  the  snrfaris  of  the  teriivstrial 
planets  ( .Mei'eur.v,  Venus,  ,'lars)  is  s.>  sc.iree  that  r.o  eoliiTcnt  theories  have 
been  fiinmilated  leoiirdmu'  soil  cmdiiions  likely,  to  he  eneonntensl  there. 

Tills  papi  r,  accordingly,  is  conceinetl  with  an  attempt  »o  define  the  sinTaco 
oonditions  likely  to  he  incoimteied  on  the  nnH.m  and  the  tiirestrial  planets. 
First  a  review  will  be  made  iif  the  eiirreiit  si:ite  of  knowledge  on  this  subject, 
followed  by  ti  definition  of  the  most  proladile  snilaee  conditions  likelv  to  o.xist 
on  llie  moon  and  nearby  (dtitiets.  If  sbonhl  b-  empimsi/.ed  that  the.si>  jiia*  inerelv 
ii.vpot hoses,  and  represrni  no  more  than  the  .Xiiihor's  views  on  the  .subject 
under  eonsideratioii. 

State  of  knowledge  of  the  lunar  surface 

The  dominant  tisitiin-s  ol  the  Intmr  biiidsctipe  are  its  rather  eon sjiieii oils 
craters  iind  smooth  aiipcariiio:  larne  il.irk  .ire.is,  referrisl  to  tis  ji  « nmria  » 
(se;is).  bet  us  examine  thieo-  two  features  seipientially. 

ii)  Maria.  —  These  are.as  eoinprise  alHml  40  per  cent  of  the  visible  surface 
of  the  moon,  and  iue  oi  in fall.''  iissiinnsl  to  be  the  result  of  lava  flows.  As  Toni- 
ban^^li  •  point  out,  this  view  is  snp|)orted  by  the  followin;;  eonsidertit ions : 

11  Tile  I'enmins  of  jiarlially  destroyed  craters  ran  be  oliserved  near  the 
«  shores  »  »)f  the  maria. 

’2)  'I'lic  lloors  of  larsre  craters  (mountain-ringed  pl.-mes)  are  frequently 
thousands  of  fi-et  Indow  th#-  mean  suiTare  elevation  of  the  nmon.  Some  of  the 
bn-Kc  eratei-s  near  the  IcD.lers  of  maria  show  evidence  of  !a\a  invasion. 
An  «*xainple  is  the  momitain-walleil  plane  of  tiassendi  ("j.'i  miles  in  diameter) 
near  Marc  Mninornm.  ivho-M'  lloor  is  d.nkcr  than  the  surronndiim'  monntains 
and  sluiies  t..ivanl  the  soiiiIi<in  lim  which  has  been  partiallv  melted.  Mven 
greater  destruction  was  siiffered  by  the  40 mile  Doppleniei er  crater. 
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3)  Ijiirpi'  clfl'ts  l>()inlor  tiu'  niiii'fii,  sh<trt‘  lin«*s.  It  is  Hssuincd 

(lint  iIk'so  n'lm'sfiit  I'lssui-iiij;  ii-Millin]'  rstntrnctiuii  after  fooling. 

Tluvp  eoncfiitric  fiMflts.  over  100  inileH  long,  linvr  boon  notnl  nt  the  western 
e.lge  of  Miiiv  Huiiioniin;  a  erjiek  ill  .Mnre  Ntihiiiin  |k;ss«>s  through  n  moun¬ 
tain  range. 

4)  Krneinre  oeetininee  siems  to  liidieale  the  massive  luvul  nature  of  the 
Mi.iriii.  A  pioiniiieiit  ese;u|iiueiU  ealtnl  the  Slriiipht  Wall.  tiO  miles  in  length, 
has  its  niiiria  sMe  SOO  feet  lower  thiiii  is  tin-  other  .sale. 

a)  Hriglit  ra.v  systems  railialing  fiitin  large  crateis  (Tyclio,  Kejiler, 
.\i'islai'eluis)  traverse  Iioth  moiiiitainoiis  are.-is  and  maria.  Their  eontrnst  is 
largest  on  the  maria,  wlieiv  tliey  slmw  up  as  v«-ry  K>igl»t  rim's  against  a  dink 
lau'kgroiiiul.  liy  analogy,  piil vi-rized  im-k  is  far  lirighter  than  massive  r<K‘k. 
Tims  tin  ia\s  are  assumed  to  eoiisisi  of  liiiely  piilverizisl  mateiial  thrown  out 
hy  violent  iiiipaet  over  I  lie  solid  igneous  inek  of  the  maria. 

TIk'iv  is  less  agn  eiiii  lit  ii-garding  the  nature  of  origin  fonniiig  the  Inva.s 
that  eonstitiite  tin-  maria.  Tims,  Kiiiper  -  siihsei-ilMs  to  the  view  that  all  the 
maria  are  voleaiiie  in  origin,  ami  resiilleil  from  lava  Ilow  thai  welh-d  up  tlirmigli 
lissiires  ill  the  suiiaee  <Iuriiig  pirioils  of  high  internal  aelivily.  This  view  of 
(lie  plutonie  origin  of  tin-  maria  is  llnnly  Mipportid  hy  leatling  authorities ’  * 
at  least  for  the  easi-  of  Mare  Tiain|uillitatis  wliieli.  Ix-e.iii.s*'  of  its  very  hlaek 
color  and  irregular  outline,  is  assumed  to  he  the  n-sult  I'f  laval  thnv  over 
rough  ten  a  ill. 

lA'.sji  agreement  e.\ists  in  la-gard  to  ihi-  oiln-r  maria.  I'or  inslaiire.  i-nrly 
I'eseareliri's  tlimiglit  that  the  maria  ueii-  the  result  ot  meteoric  impact  on  ii 
Vast  seale.  Tims,  (iilhert''  suggested  that  the  .M.in-  Inihrinm  was  i-n-aled  hy 
an  object  100  miles  in  .liimeter  which  sirm-k  tie-  moon  at  an  ohlitpie  angle, 
creating  first  the  «  inlet  »  known  as  lhiiiil">w  Ha.v  ,nid  tlieii  eoiaiiig  to  rest  in 
the  eeiiti-r  of  the  sea.  Its  Hying  frrgineiiis  were  leasomsl  to  have  eiit  the  deep 
valK’.vs  llirt  railiate  from  ^lare  Imhrinm. 

While  the  pnn  ly  meli-orie  origin  ot  the  maria  i>  lai  gcl^’  di^eoiniTed  today, 
the  possihilitv  is  siill  npheh!  that  the  maria  were  foinu-.l  hy  the  nielling  and 
sulise<nieiit  solidifieali'iii  of  Iniiar  i-oeks  due  to  imjiaet  of  huge  iiietisii-s  eiasliilig 
onto  the  hiiuir  siirtaee.  'I'iuis,  I’li-.v"'  '  showed  that  tin-  meteor  it'<|iiired  to 
ereate  the  Mare  Imhriiini  had  to  have  ii  mass  of  ahont  l.  >  X  lO'*  g.  tisuelling 
ai  a  veloeity  of  'J.lIS  km,  see.  The  eiierg.i  liln-r.ited  din  ing  e-'llisinn  would  then 
have  lirrii  on  the  order  of  t.loX  HI'-  ergs.  .Mthongh  the  h.Uer  j-.nit  of  the 
I'laiietesimal  wonM  'i.ive  vaporized  upon  iiiipai-t.  sufiieieiit  eiierg.v  would  have 
l•^■mailled  to  aecoiint  readily  fm-  the  healing  of  lunar  roeks  over  a  lai-ge  area. 

h)  Craters.  —  I'nlike  the  mai  iil,  n  liieh  are  assniiied  to  he  the  re.siilt  of 
lava  (low  of  whate'ei-  origin,  the  l•|■.alers  ar<-  geiu-rally  r■.g.■n■^hd  as  having 
been  creati'd  I),v  meteorie  impact. 

This  view  is.  h,v  no  iia'ans.  iiiiaiiiiooiis.  Thus,  fieiiueni  suggestions  have 
Im'oii  made  in  the  past  that  the  craters,  loo.  the  result  of  voh-anie  aetivity. 

The  most  reeeiit  of  these  vii-ws  were  l>iit  forth  hy  .Mihiii  '  who  favored  the 
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pl'.itonic  origin  thcorv  on  ammni  of  llie  ordrml  nature  (doublets,  pairs  and 
ehains)  rather  than  mndont  distribution  of  lunar  craters. 

Nevorthelt'ss,  this  the-ory  Lh  iiidikely  to  l>c  oorivet.  It  wes  pointed  out 
vety  early  ^  that  lunar  orators  Inuir  virtually  none  of  the  fi  atures  ehamcteristic 
of  tori\*strial  voIeaiioi'H.  Torwstrial  volcanoes  are  eharacteri/.rd  by  slopes  which 
vary  with  the  a|;e  of  the  mutiiitain,  but  are  not  dependent  upon  its  si/x<;  the 
older  tl»e  voloaiM>,  the  milder  Ui  slopes.  The  crater  of  tju  rrstrial  volcanoes  is 
also  iiule|Hiidcnt  of  tlicir  sia*,  and  peiicrally  small  as  compared  to  the  overall 
hulk  uf  the  niuuiitaiii.  Kurlherniore,  the  eraler  floor  is  never  hilow  the  level 
of  the  surixiumlinj;  plane,  and  M^sindary  volcanoes  exist  in  it  in  oidy  the 
iMrest  instancies. 

IjUnar  volcanoes  disjday  just  alauit  head-on  opposite  features.  Their  bulk 
Is  very  small  as  eomi>;ireil  to  the  sizi-  of  the  crater;  llie  eross  section  of  tl\e 
larner  craters  shows  a  thin  and  sliarp  rim  surrounding;  a  very  broad  crater 
(In-nee  the  name,  «  wall-riiijiisl  plane*).  Most  often  the  erater  floor  is  snhstantially 
hi-low  the  ntean  elevation  of  the  surroundiii};  area,  atnl  eential  craters  within 
craters  aie  freipunt.  Mois-over,  the  larger  the  erater,  llie  milder  the  slope  of 
its  inner  wall;  this  is  sliown  in  Table  1.  taken  from  Iviess  and  Lassavasky 


Taiii.r.  I.  —  Criilff  ea  the  vt'inn. 


Cr4t«r  dUin(t«r. 
km 

Av«r4(*  OUmeur, 
km 

Ko.  pf  Ob- 
pcmtlpo* 

Mtx.  Inutr 
alopt,  Atg. 

Mpoa  Uuitr 
<l«p«,  a*g. 

o-.to 

12 

11.3 

n.5 

3a..-)0 

.is 

14 

22.7, 

P.O 

.'(iijmi 

;« 

14,S 

7.2 

too  i 

U4 

■H 

.  ll.U 

(1,0 

Aiuitber  nneommoii  feaHin-  of  some  of  the  larp'r  liimir  cratei's  arc  the 
l>ri;;lit  rays  radiatiu};  from  thrni.  Tycho,  one  of  llie  larnesl  cratcj's,  has  a 
partieuhirly  well  developed  set  of  radial ihk  ra.vs.  Tlie  rays  i-nianate  at  times 
from  llie  center  of  the  crater;  at  times  the'-  are  tiiii;:ciitial  to  it.  They  are  seen 
Ik'sI  under  ohlinue  illumination,  when  ihi-y  appear  as  liri^lit  streaks  Ufjaiiist 
a  dai’ker  backf;iiinnd.  Under  tlie  normal  illnmiiiation  of  Ine  Umar  noon,  they 
nil  hut  v.-inish.  The  rnys  exteinl  iinintei rujiled  over  all  features  of  the  moon, 
other  eratiTs  as  well  as  mountains  and  planes,  The,v  .seem  to  he  nssoeiated  with 
the  «  younger »  and  more  rUf;*,;iHl  eraters  on  the  moon,  and  ainiear  to  ho  the 
ri'sull  of  jnilverized  matter  thrown  out  vioU-ntl.v  upon  imi>aet  of  tlie  lunar 
surfaee  by  inipin^in<'  meti-oriti-s. 

If  then,  as  most  students  of  tlie  snhjeel  a^rer  ‘"i  the  eiatcrs  of  the  union 
are  the  result  of  meteoric  ei»lIisions  and  not  voleanie  nclimi,  some  ini/.zling 
ipn-stiuus  .still  remain  to  Ih’  rcsolvrd.  .\nionus|  these  are;  n)  wliy  docs  tl'is 
meteoric  iiupact  foriiiatioii  of  eraters  ajiiiaieiilly  not  contimu*  to  (1;ite  and, 
h)  wha*  Ls  the  reason  for  die  lack  of  existeiu-c  of  small  craters? 

As  to  the  lack  of  erati  r  formation  in  reeciit  neolu^'ienl  times,  n;:reement 
is  rnther  general  that  all  of  the  jn-ominent  features  of  tlie  moon  were  formed 
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soon  after  its  birth,  niul  tlijil  hiiKc  m-jiIo  suifiu'e  sJiapin}'  iictivit y  l\as  tssentinlly 
e«is<>d  sdiicr. 

.  The  Inek  of  i-NisIviui*  of  sinall  timiir  cratei-s  is  inoic  a]>j)iii'i'nt  than  fcal. 
StatistH'sl  pnilNihirily  faleiihitioiis.  e\li'a|»ilaliii^  form  tlu‘  known  (list rihut ion 
fniK'tHin  «r  (►l»ser\'iil»le  ci'atcrs,  indicate  that  sniaH  eralers  imist  exist  in  large  nunt- 
Ihs-h.  The  reason  apiH'ai-s  to  lie  amre  in  the  iiniitatiuns  of  telesooiiie  etinipinent 
used  to  photograph  the  lunnr  surface.  A  fealnre  on  the  moon  can  l)c  observed 
visually  only  if  it  is  in  exei'sa  of  UKX)  feet;  photographic  plati-s,  incapable  of 
montnlly  eorircting  for  iinage  instability  due  to  atmosplicrie  turbu’.uncc  (aa 
done  by  tbo  buninn  eye),  eannot  register  surface  details  less  than  ‘2.300  feet  in 
e.\tent  on  the  moan. 

WTiile  crater  creating  forces  have  a|tpaivntly  abated,  thost;  eroding  the 
crater  walls  apiviireiitly  have  tiot.  More  will  be  s.iid  aliniil  this  later.  The 
im)Mirtnut  item  to  be  ohsen-ved  b■'re.  as  already  note<l  in  pnrt  in  table  1,  that 
the  angle  of  re|>ose  of  lunar  dust  on  the  well  eroded  sloitcs^  of  huge  craters 
aiipears  ta  In-  only  6". 

c)  Lunar  soil  conditions.  —  ■releseo))ic  observations,  as  already  noted 
above,  yield  only  limited  iiirorniation  on  the  finer  details  of  the  lunnr  .surface. 
An  ituportaiit  adv:incc  in  this  regard,  however,  look  ]>laee  in  105T  by  way  of 
radio  obstTvatioiw  coinbutej  at  .bshvll  Uank  in  England".  These  took  nd- 
viiiitagc  of  the  fact  that  any  electromagnetic  radiation  sliinking  the  surface 
of  n  smooth  sphort*  will  he  rellceled  hack  as  though  coming  from  a  single  point 
in  the  interior  of  the  sphere.  With  n  rough  surface  the  refieeted  radiation  will 
hr  difTitscsl,  and  the  entile  surface  will  appear  tc  ho  illuiuinutcd. 

The  visihic  light  redeeied  from  the  lunar  surface  is  veiy  difi'ii.wl;  lienee 
the  siirfatv  is  rough  on  the  .scale  of  tlie  length  of  light  waves,  i.e.,  at  a  range 
of  400  800^.  On  tlie  other  hand,  radio  ohservation.s  njiixar  to  coino  Imek  only 
fronr  the  center  of  the  moon's  disk;  therefore,  nl  the  lO-cm  length  of  radio 
waves,  the  moon  is  perfectly  smooih.  This  holds  for  the  inoniitain.nis  regions 
of  the  nnxjns  visible  center  as  well  as  for  tlte  maria  (roi)i esented  in  this  ease 
by  Sinus  Vapnniiu),  de.spite  the  ratln-r  .jagged  appearance  of  the  iiiDon’s  features. 

The  lack  of  pits  and  ii  l•egulnritil•s  on  the  order  of  mngniiude  of  inches 
may  be  undei-stood  if  one  avsunies  ilmt  all  lunar  fenttires  are  covered  with  a 
dust  layer  nt  least  several  inclu-s  deep,  including  crater  walls.  Two  explanations 
exist  n.s  to  why  this  dust  layer  is  smooth,  despite  inetcorir  impact  which  must 
continue  to  take  j»lnee.  One  is  due  to  <;old”  who  proposed  tliat  solar  protons 
bombarding  tlie  moon  would  impart  to  dust  i>ariirles  a  positive  electrostatic 
charge.  Under  the  inflneiice  of  forces  of  electrostatic  repulsion,  tlie  particles  hop 
about  on  the  siirfiiee  and  fill  in  all  cavities  or  i)its  present  in  a  Hat  terrain. 
Gold  was  able  to  ivpioduce  tliis  heliavior  in  the  lahorator.v,  by  hoinharding  dust 
particles  with  electrons  ".  This  may  mean  that  the  moon’s  higldiinds  are  scoured 
clcun,  while  ils  depiv.ssioiis  arc  filled  willi  dust  to  a  considcia’ole  depth. 

Another  iue<-hanisni  that  may  aeeuunt  for  particle  mohilily  on  the  muon 
i.s  the  phonon  prt'ssure  of  sunlight.  While  this  pressure  is  e.xtremely  low,  of 
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onU’f  of  JO"*  psi  nt  fotnJ  ivft(^<ioii,  if  poiiM  t'xiii  foive  to  niobilir* 

ext  I'ciiu'l y  fino  pnrticlos. 

If,  liiiioi'il,  tliiTO  is  dust  on  tin*  liiiuir  sinTjioo  to  iiccoiiut  for  its  npi)ar<Tit 
ani(M)llii»'>w  Jil  tlio  xnivrloilijtli  of  r.idio  wiivrs,  tlicn  our  must  I)0  uhlc  to  uriswrr 
tlu'  (pirstion  iis  to  when*  tliis  <lust  riiino  fritiu  mid  liow  luuf-li  of  it  may  f*xUt 
oil  tilt'  snrfiipc,  by  rarh  of  tin-  dust  ^ruci'iitiiii;  tm-ciimiisnis  iissuruod. 

|)nsl  iiiiiy  luivr  ai-puuuiliiitsi  on  tlio  luum*  surface  undrr  the  action  of 
three  iiieelutiiisiiis :  the  alternate  healiui;  and  coolhi};  of  the  surfiiee  corresjjond- 
iiifj  III  the  lunar  «lay  and  nif^ht.  the  ecmdcnsatioiis  of  nietisiis  vaporized  Uf>on 
iiu]iiiel  and  tlie  settliuj;  of  eos'iiie  dust  lloatinj:  in  tlie  universe.  It  is  inteie.slinir 
to  exiiniine  the  ileuree  in  which  these  ineelianisms  emild  have  eontrihutc<I  to 
tin*  fiirination  <if  dust  layers  on  the  lunar  surface. 


Kit;.  1-  —  Teinjirriii lire  c.vele  lit  luiiiir  snrfaee 
(fur  vulue.s  i|iii>tril,  .'ce  rofereiire.s  S  ■  I'J). 


1)  Diisl  foi'iniition  btj  thtrmnl  tlifol’uifinu,  —  The  aniDunt  of  dust  formed 
hy  tlie  luei  liai.'. -al  hreak-up  of  surface  locks  (llieriual  defoliation)  on  the  liiooll 
is  vciy  dillieull  to  esliiiiate  corieetly,  ()np  can.  however,  develo))  an  up))er  limit 
for  the  dei»th  to  which  this  ineehaiiisin  ina.v  have  heen  ojierativc. 

The  <'(puitorial  leiiiperalure  variation  eurrrspoiidinji  to  tlie  diurnal  ryele 
of  the  moon,  aecordiii"  to  the  la-sl  inl'ormalinn  available  at  present,  is  .shown 
in  11(1.  !•  Makint;  now  the  vast  sinijililieation  that  the  ileiisity  (p),  speeific 
heal  le)  and  thermal  ■  uiiduetiv  ity  (k)  ;ire  indeiieitdeut  of  vlepth  from  the  Itttiar 
surface,  till-  one-diineiisionnl  heat  conduction  cipmtion  takes  the  form 


h9  b-e 
bt  "  i>.x- 


(1) 


where  11  =  k/'pe  is  the  thermal  dilVusivity  and  x  is  the  dejitli  eounicd  from 
the  surface.  Let  us  further  simplii’y  roudilions  hy  a])i)ro.\iiuatinp  the  iictual 
.surface  Iciiiiicratuie  variation  with  the  fnnetion,  .shown  in  hg.  I 


~  ^uirnt  COS  (lut)  (2) 

wliel'O 

9  —  T  —  Tn,  “  relative  fcinjiciatrirr 

u  =  2irr  =■  ciiviilar  I'rerpicruy 

t,  =  l/f  —  perioil  of  trmpcnifurc  cycle 
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Hiid  t  dosif'iinti's  ninniuK  wliilo  T  in  tlic  tempo  in  tun'.  The  »«>hrtion  of  the 
system  of  Eijs.  1  mul  '2  is  tiivcn  by  ’♦ 

^  ~  (^m.t  e  "  tYw  (*t  —  nw)  (3) 

III  -•  (w/’in)''* 

As  shown  ill  fij'.  2,  the  niiipiittiile  of  therniiil  fluetuntions  with 

dojith  aceoi-dintj  to 


B  ~  8  e 

<4) 

ami  the  depth. 

Xn.  at  which  is  mluccd  to  1/n 

of  the  vidu\'  of  is 

given  by 

x„  -  t.;tOt..g,..  n(nij*'> 

(•■>) 

S'- 

a  « 


Su«f4C£ 


a, 


-M  constant  0,  StNUSOOM.  TEW  VAWATION 
/  /-  (W  C0NSTAI4T  o,  C0««ECT  TEMP.  vaBiATlOH 

VARIABLE  a.  CORBECT  TEMP.  VARlATlOM 


^..an^c  '^TllbOyT  2  a  IN  I  '  9  DEPTH 

-  fROM  SuBTACE’" 

IJ9-P  > 

'24rfl  A  *»»<-T  ROCK 


l’riilll<'!>  Ilf  iiiiiTiiiiuiii  teiniiiTiiliiri'  niii|ililiii|i'.< 
i  »  iiM.‘liij'i‘!‘)  fur  vnr'mii.i  cmiiiil  iunn. 


We  next  liavo  to  lelute  ttioi'innl  vjiiiiilinns  to  fiaeliire  iiliriiitnieiia  in  ineks. 
Tlieie  is  very  little  direct  i  xperiinental  t-i  ideiiee  in  tliis  iej:aiTl;  only  tlnre 
references  eau  he  <ivuited  '•  *’  that  leliite  to  tlie  prohlrin  at  hand.  Tims, 
(’liarlcs”  showed  that  rocks  were  ehiirly  .snhjeet  to  cyelie  thermal  fatiiiue, 
in  the  presence  or  ahseiiee  of  environnicnts  inductive  of  eoirosive  attack.  Liiid- 
innn  and  Bohrowski  "•  slmwed  lluit  the  re.-iistanee  of  hrittle  nialerials  to  therinnl 
.shock,  other  thin(:s  In'inj'  eiiual,  vavii-s  in  direct  proportion  to  theii*  tensile 
strenpth,  while  Howie  ”  ohtniiied  correlations  of  crack  ih  iitli  with  siwcrity  of 
therinnl  sliiK-k  in  silica  hrirk.  A  I'unvcniciii  correlation  of  thermal  .shiM-k  severity 
with  the  stri'iigth  of  the  hrittle  sidistanco,  covering  the  j>rcsent  case  of  an 
infinite  film  eueffieient,  was  stated  hy  Kingery  "  in  the  form 

(Ti  =  Kofl/(l  —  v)  (tt) 

wliere  E  is  the  laoduhts  of  elasticity  of  the  ainiterial,  «  is  coefficient  of  therinnl 
expansion  and  ^  is  Poisson's  ratio.  K<|.  6,  naturally,  corresponds  to  the  case  of 
eoinplcte  arrest  of  thermal  expansion  and,  as  such,  will  yield  conservative 
(iipjier  hound)  values. 
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NMnifriMl  ilata  miuiml  to  develop  spi'cific  answers  c.nn  bo  obtainOf!  as 
follows:  a  pswl  average  value  for  the  nuxlulm  of  elastieity  of  igneous  roelc 
is  7.5  X  10^  l>si;  I’oUson'.s  ratio  for  almost  all  rwks  Is  0.25.  The  coefficient  of 
tliornial  cxpnii-sion,  etiniprt*ssivc  stivngth  ami  specific  gr  .ily  of  difTcrci..  I'ork 
formations  are  lislei!  in  table  II. 


T.tBLC  n.  —  Physient  itf  igiifOM$  rvi-h. 


T71M  ot  Bede 

Co«Acl«lkt 
of  tbormol 

Coiupr*BS)9>i 

■ht: 

•xpoosloa 

«,  io— V*F 

lirougtia. 

.Xj 

tiranite  Porehiry 

34 

17.7 

2..'--7 

Kiutitr  (Sranlte  .  . 

3d 

23.5 

i.wi 

Muscovite  Crunite  , 

4.‘> 

24.7 

.62 

iliirtititemle  Oraniia  . 

3T 

2r,Ji 

i  t 

Cjiiariz  Syenite  .  .  . 

37 

21.6 

."-67 

it;«4nle  «  ♦ 

39  • 

3  02 

Olivine  Ba.-'alt  .  .  . 

•v> 

24.0 

2  75 

Hawttlr  PoTphirv  .  « 

26 

1.S..S 

2.,SJ 

OialifiMe  ..... 

31 

23.3 

2.85 

OrtlrjcUre  (iabtiru  . 

30 

2li.4 

2.87 

SupfxTlcd  b\-  other  values  ublainable  from  tlic  lit 

craturc,  these  eompilntions 

allow  for  a  rough  chanictcriziitiou  of 

lunar  rocks 

in  the  form  of  the  data 

prc.sciilctl  ill  tiiblc  III. 

TAHI.a  111.  —  plitfsiial  iiHif  mrihiitlual  ifnfn 

r<’prf»eutntlve  of  lunar  rovk. 

Symbol 

Talvo 

Mt»tltiluj*  t»f  f'lH>uciiy  .  ,  . 

K 

7..5  X  !'•*  p.i 

0 

.3.5  X  10— •/•  F 

P<tU:)un>  ratio  .  .  •  •  • 

r  * 

0.25 

Viiniprc." ‘ive  .•‘trvna'h  .  .  . 

®c 

22  X  1''’  !>"• 

TcTiflilc  strencth  (e.'l.)  .  .  . 

»t 

42>  X  tW  P»i 

.'^jiccifie  gravity . 

r 

2.SO 

J^lterific  . 

P 

1 7.5  lWft> 

i^pccillc  btf*!  ...... 

r 

IM?  H/lh— ‘F 

Thermal  eumtuclivity  .  .  . 

V 

l.ii  —  It  — "F 

Thermal  ‘litTiiwivity  ..... 

a 

O.IM  S 

Surface  energy  ..... 

y* 

0.00.37  iu  lli/in’ 

The  I'ulliiwinK  ixliliiinnal  ilals  can  lie  oblaineil  from  tig.  1: 

tg  -•  27.32  Js}"* 
w  =  ;?a/t,  =  0.00‘.l.>y  hr-' 
ni  ^  (c.A’a)l  =  0.:il63  ft"' 

=  •^3''  F 
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TUen.  hy  Kq.  6,  the  :iiiqilittii]t'  slill  oiipiiblo  of  iiulticinp  thi-rmni 

&tstirinp  in  lunnr  rucks  is  fl  —  12S.(r  K.  KurtliiT,  l»y  Ecj.  4  the  iniiximuni  <lfpth 
to  whu'h  this  tciniK-nilniv  swiii«  can  jH-noliMlo  Ih'Iow  the  surface  is  x  =  25.7 
iiwhcsw  Thcrvfort*.  this  siniplifitsl  iippruncli  pit-iliets  ll\«t  tlu-rinal  doBraclntion 
of  lunar  rooks  may  have  nfVwI»xl  llio  top  2t>  iiiclu'S  of  the  luiinv  surface. 

Becuuse  of  the  simplifying  iissumplions  inntK'  in  this  analysis,  the  re.sult 
of  26  iliehos  is  an  ahsolute  Mp|K-r  honinl  aiul  is  \niiloulite<lly  excessive.  As 
opposed  to  assumptions  miute  hero,  the  aetuaf  siuTiiee  euiulitions  of  undisturbed 


Fig.  3.  —  .\«>uiiie*l  >1  rs* ilif»iii*n  tif  Hn<li>turiH-'l  |i>|i  .»iirfiii‘e  "f  tin. mi  (in  mnria) 
sikI  «ee<iiii|>«nyirg  viirinlim)  »i'  hi..st  irnn»ft*r  piuHiiieters. 

jm'as  on  the  iihhiu  (tiie  nuiriit)  pivhnltly  eonsist  of  a  ihist  layer  at  tlic  top 
teoutaiuing  iiossihly  a  few  large  einlntUh-il  vlioiidriles),  followed  by  suceossively 
co:ii's*'r  eousiitueiits  Ik'Iow,  as  <leitieti-<l  in  tig.  3. 

If  this  hypollu'sis  is  eurreet,  its  prineipal  result  would  in*  tlint  p,  c  and  k 
will  bts-onie  funelions  of  x.  eiieh  iiiereasiug  with  dej)th.  This  requires  that 
the  <  luiiijKxl  constant  >  heat  trattsfer  K<i.  1  l>e  replaeed  l)y  its  urininal  form  of 

i>9  h  no 

p, - - - ^k■ - )  (7) 

6t  6x  b.\ 

This  e(|uatiou  wouhl  have  to  l>e  s<ilv«il  tlam  .subjeet  to  the  eorreet  boundary 
ounilitions  shown  in  f.p.  1,  rather  than  llie  iileali/.ed  siiuisoidiil  leinpeuituvo 
boundary  value  of  Kt].  2.  The  ifsuli  will  K- a  far  sharper  dejithwise  attenuation 
of  tcnipcrature  flu<-l nations,  as  pies»-iit»sl  leutatively  in  tig.  2.  ruder  tlie.se 
eondithuis  therinul  defoliation  will  be  tijuialive  to  a  far  .shallower  depth  than 
the  upjKT  bounding  value  gleaned  fomi  the  simplified  solution. 

For  Inek  of  reM-aieh,  siiceific  values  of  the  degree  of  reduction  eniiuot  be 
given;  there  are  no  liato  available  on  the  tlieriual  eoiidueti\  it.v,  sjieeific  heal  and 
even  density  of  highl.v  coinaiiimted  .soils  under  a  hard  vaemun.  ^^'itll  what 
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niojifror  iixlicjitions  oxisi  to  iliitc,  oin‘  tii;iy  iissmuc  lliat  tlic  tlcfiivo  of  re^IuetJon 
w  iit  K'iist  om\  jiikI  |H)ssi])|y  two,  oifliTs  of  n)a<;iiitiu1c,  Tlu’n’foiv,  tlx*  nu'cliiinism 
of  tlioriujil  <lofoliiiliou  iiuiy  liiivc  l»i-ok«ii  up  t?»p  lunar  rocks  to  a  depth  of 
iil)out  1-3  cm.  ^’ultllcl•  llici-nuil  coinntimifion  would* cease'  if  ilu*  dust  cover  so 
formed  remains  undisturbed.  If,  liowe'ver,  the  elust  i.s  nunoved  hy  .some  nicch- 
unism,  such  as  the  inslaliility  of  slopes  e>f  steeper  crater  walls  exet'edinpt  the 
aii<;le  of  reimse  of  eh'ctiostatie.dly  eliarf;ed  dust  iii  n  vacuum,  the  fre'sldy 
re-e.spo.sed  nwh  would  a^aiu  Is-  sul)ject  to  theriuiil  defoliation. 

*2)  Piixt  formation  hjt  condrusation  of  iuiiiiwtnt  nicitorilrx.  —  The  Iiy- 
potliesis  has  been  put  forw.ard that  tin-  ptueess  of  eonileiisat ion  of  meteors 
vapiiri/.ed  upoti  impact  eouhl  have  dejmsiii-d  e-oiisiderahh'  (piantilies  of  dust 
on  the  lunar  surface.  I'or  instance,  rrey's  ealeulations '  '  |■l■"ardin^^  the  size 
of  the  nu'teor  re(|uire<l  to  <'re,ite  the  .Mare  tiuhriiim  show  tliat  the  mass  of 
this  hoil.v.  if  eomiiletel.v  vapori/cd  and  .spread  unifornd.v  o\er  tin-  surface  of 
the  iiiodii  upon  4'ondensatiou.  would  have  resulli'd  in  a  dust  cover  110  meters 
deep.  l'i)i!sid<  rin^'  that  this  is  onl.v  one  of  the  many  planelcsimals  that  may 
have  impacted  the  lunar  .surface,  the  dust  cover  formed  h.v  this  nu'chaiii.sni 
could  1h‘  several  km  deep. 

If  this  mev'hauisin  wcia'  really  tipeialive  in  llie  4'arl.v  sl.iccs  of  the  moon's 
life,  the  dust  .so  cuated  ciudd  have  spre.iil  tptite  uniformly  over  the  liuiiir 
.surface.  Thrown  <»ut  :it  explosive  xcloeities,  and  in  llie  absence  of  a  lunar  atmo¬ 
sphere  to  appl.v  dra^',  tlie  eondeiisiu}'  dust  particle  could  have  readily  travelled 
■several  tiums  around  the  moon's  periim  ler,  attracted  onl.v  h.v  the  leliilive  weak 
jrravitjitional  field  (rou^'hly  l,  (ith  that  of  the  earth  at  the  surface)  of  this 
ceh'stial  hovly. 

Notietlicless,  what  little  direct  cvivh'iiei*  exists  indicat('s  tliaf  this  dust 
formin':  mechanistn  must  he  laia’el.v  discounted:  if  it  were  really  opertitive, 
considerable  ainoiuits  of  meteoric  <lust  she.uld  have  condensed  out  from  tlie 
tinpaets  that  created  the  lunar  <-r:iiers.  This  dusi  f<>rmatiou  can  lie  rather  re.adily 
traced  in  the  form  of  tlie  r.i.v-s.vsteins  lailiatiiio  from  some  of  the  erater.s.  ^Vhilo 
stretehiti}:  over  eiaainous  distances  tsome  <if  the  ra.v.s  of  T.vcho  <'an  he  traced 
for  a  distance  of  aO(K)  niiles)  the  ia.v>.  are  known  to  l*e  ver.v  sli.-dlow.  Tlie.v  have 
no  ohservahle  shadow  4‘ven  under  the  tnost  uhliipie  illumiimtion,  meaniiifr  that 
their  depth  catinot  exceed  a  few  centimeters.  Therefore,  the  formation  of  deep 
lunar  dust  beds  rc.sultine  fnan  tlm  voj'orization  and  condensation  of  itupaetinj; 
ineteorites  must  he  largely  discounted  at  our  eurr«mt  state  of  ktiowledpe. 

3)  Mirnnnrtcorite  acritaia/afi'oH.  —  The  third  .source  of  fine  jiartiele.s 
on  the  lunar  siirfiiee  i.s  due  to  the  setllemeiii  of  eosniie  dust  attractcil  l).v  the 
pravitntional  tiehl  of  the  moon.  .Some  re.sulls  in  this  repard  e.in  he  infeeicd 
form  the  recent  work  of  Jai  (low  and  .Mexamler  who  ealetdated  tlie  micro- 
ineieorit<'  lliix  from  measurements  iu;ide  on  the  s.ilellitcs  Alplta  and 

lOa!)  Kfa.  .\  Hit.';  of  S.ii  X  JO  \  lu-  si-e  was  reported  h.v  19.)S  .\lpha.  Assuming 
n  mean  iinpaetiiic  velocity  of  30  km.  see,  the  thre.-hold  ma.ss  of  tlie  least  jmrticlo 
olwerved  turns  out  to  he  ,''.-33  X  10  '”  g.  Mala  from  I!).')!!  Mta  show  an  inijmcl 
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rnto  (if  1.74  X  lO-’/ni’  s«'c.  for  n  tInx'shoM  nwss  of  3.113  X  lO'*  g.  Those  points 
aro  i>l<itto(l  on  a  loffnrithmio  s«.-alo  in  fig.  4,  and  tlu-  iniisH  dislrihution  carve 
is  drawn  l»y  ii.ssinning  a  strai;;ht  liiu-  tx4atioiislii]>,  dvscrilnxl  by  an  e4|iiation 
of  the  form 


n  =  (8) 

wUciv  u  Ls  tUc  impac't  rate  of  a  givou  par'ii’lo  si/.o,  in  the  j>aitiole  mass,  while 
0  and  k  arc  ootistanis.  Tlioii  the  total  ii-.ass  inlinx  rate,  M  ("'in*  sec),  will  be 
givi.ii  by 


M  '  I  II  dill 

m. 


(0) 


wlicro  in.,  and  iiii,  aro  tho  loast  atiil  largost  inas.sos  iH-ctirring  in  tlie  niiero- 
inoli'oritv  popnlatiini.  Snbstitntin"  Ki|.  S  into  Kq.  !l  and  inti gratin".  there 
rosnits 

c 

.M  =  - 

k  +  1 


•  _  ai«  »  « 


(10) 


Thru  tlir  total  laicromoti  urilo  arruinnlatioii,  oonntfd  simi'  tho  formation 
of  the  solar  systoin,  will  he 

•  «•  T 

M  =  M  r  ^ - 

k  T  1 

The  ago  of  tho  solar  system  oan  h,>  as>;nmod  to  1h'  noar  7  X  10"  years*’. 
Fiirthormoto,  the  niiniinnnt  tnioronieteorite  pattielo  size  in  the  solar  sy.stein 
is  limited  ti.v  the  I’oyiiting-Uohortson  olVool  to  ahoiit  10“'*  g.  Tims,  Vhe  innne- 
riral  data  required  hy  Mq.  11  are: 

T  =  2-.»l  X  10''>o.• 

|•  “  3.02  X  10“'''  till'-'  SCO)'"' 
k  =  — 1.14 
m,  -  10-  '-g 

The  \nlnes  of  e  and  k  shown  above  were  obtained  fi'oiu  fig.  4.  The  o.vael 
value  of  nil,  turns  out  to  Ik*  irrelevant  sinee.  at  k  -  I  ni^  *  •  ->  0  as 
nib—*  Suhstitutioii  of  these  values  into  Kq.  II  yields 

M  22S  X  10'  g/in* 

At  n  jvartiele  density  of  3.3  g  ein’  and  assuming  alisolulely  no  p.orosit.v,  this 
inlliix  would  he  equivalent  to  solid  layer  7.(>  meters  high. 

Tilts  result  iiujilies  the  eoiiditiou  ihat  mierometeorite  flux  is  iinifomi 
throughout  the  solar  .system,  niid  equal  to  the  rate  measured  iu  near-earth 


id  ♦  1  _  in''  ♦  ' 


(11) 
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orbits.  Siirh  ciinnot  be  tbe  ruse  since  the  earth’s  gravitotiunnl  field  exerts  a 
stronp  aitiJictive  foive.  A  rattoiinl  nssuniption  U  that  flux  density  is  pnipor- 
tional  to  field  stiviijrlli.  l^^iortng  then  niiiiur  jierttirlnitiuns  such  as  the  nifjon’s 
own  |;iMvitatioital  field  (field  .stienttth  1/80‘th  that  of  earth)  aiul  ]H'rk»dic 
shadowing;  eflfeets  of  the  earth,  this  would  mean  that  the  inieromctoorite  du.x 
beeoiiu's  iiivei’sely  pmportunial  to  the  s<|iiaiv  of  the  dLstanee  from  earth. 


Areiptiii^'  this  teiu'*,  tlte  solid  density  aeeuimtlata)u  of  luieronieteorite  flux 
oil  the  lunar  sui  l'aee  would  aiiiuuiit  to  2.4  inni.  At  a  void  ratio  of  75  'r.  wiiieh 
is  iiroliahly  a  eoiisi-rvutive  assumption,  the  deplh  of  dust  layer  tiaeeaiile  to 
this  sou  l  ee  would,  therefore,  anuninl  to  nearly  1  em. 

4)  Tola!  ilust  lu'i'umitlnlion  «m</  ijtHtral  stirfittc  loinh'lioii.t.  -  A.s  the 
ealeulations  eanied  out  above  show,  tlie  most  jdausihle  assuiiijition  re<:.ir<liiig 
the  efl'eet  of  dust  forming  lueehaiiisins  on  the  lunar  surface  is  that  tlieiiiial 
defoliation  iiui.v  he  re.siionsihle  for  liaviii^  dejiiuierated  a  layer  of  reek  of 
1-3  ein  into  dust,  nalactie  dust  settlement  may  aeeount  for  a  layer  .1  cm  deep, 
additive  to  which  is  an  tmkiiown  eontriimtion  due  to  the  eoudensatioii  of 
vaporized  iiieleuriles  wliieh,  however,  is  assuiiusl  to  hv'  nejilif^ihlv  small. 
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iMI  this  stH'ius  to  imliciitc  thrt  on  <hm*h  ‘Jf  ^hc  moon,  sucl.  ns 

the  marin,  theiv  "w  a  tliisl  ItiyiT  \vlios«'  ()c|»th  cniuiVii^  amonnt  to  much  more 
limn  a  ft'W  ct'Utimctcrs.  The  sitiiatioii  is  «lilTcirnl  >»  cnitoi-s  and  I'ing- 

tt'alliil  {tlains.  llcn>,  the  s1ihh-s  cxceetling  tljc  natural  nuglo  of  in'posc  of  fine 
nmtlcr  uiuler  lunar  envintniiu'iital  cunditioiis  would  have  bcc-ii  re-exposed  to 
thermal  decomposition  by  r«‘tM‘utesl  slhles  of  the  dust  )A*‘d.  In  thes  jdaecs,  there¬ 
fore,  it  is  eomvivaUle  that  eiMiiparatively  deep  dnsf  Ja‘ds  could  have  formed 
by  this  mctdmnisni  uii  the  inside  of  lunar  craters. 

It  Ls  interesting  to  eampnre  thest*  *hsltietions  with  h.vi)i)tlu'ses  ]>ut  forward 
hy  other  nwarehers.  The  fact  that  the  nioqu's  siiilaec  is  i-oveied  h.v  a  thin  layer 
of  fine  diist  was  »*stalilLslKsI  many  years  agt»  hy  l‘eltif  and  N’icliol.son.  However, 
their  therinul  oliM-rvations  during  lunar  »s-lipses  ii!^»  showed  that  this  dust 
must  l>e  underlain  by  a  layer  of  insulating  materij)!,  ha\*ihg  a  thermal  eoii- 
tluctivity  similar  to  puniiet*.  Tliis  oliservation  was  (afer  frei|nenlly  mi.s<|noted 
in  the  context  that  the  surface  of  the  moon  eonfehts  punnei-  like  material, 
ostensihly  nriginating  from  voleaiiie  eruptions  (j'ftfit  and  Nicholson  .said 
nolliing  of  (he  .sort).  In  fact.  «‘ven  ihe  «  piimiee-lik<' s  insulating  layer  antilogy 
is  o|ieii  to  <|Ue.stion,  sin<f  it  re.sts  «in  thermal  condifi'fivit.v  data  ohtaineil  by 
Siiioluohowski  vm  porous  ninteritds  down  to  jtre.ssinv  s  I'd  b  X  JO""*  min.  llg. 
wliieh  is  at  letist  ten  orders  of  ma.enitndc  larger  tlmn-  ihosi'  (xisting  on  the 
iiKioii.  Ib'eau.s<'  of  this.  I'liy  po.stnialml  recently*  tlmf  ll'e  surinet*  of  the  moon 
is  nearly  like  fine  sand  nilhcr  than  »|nst,  while  (told  holds  out  for  an  extremely 
tine  dust,  eretited  largel.v  by  light  emsUm.  The  most  /eeeiit  literature,  in  turn, 
eimtains  .specubitiou  tlial  the  surface  of  the  inotiii  N  covered  witii  ehondritic 
nititerial  sueli  as  thiit  lound  in  .stone  meteorites,  'fhisi  would  iiuan  tlmt  the 
iiiDon'.s  snrfiuv  eiuisists  of  gnivelly  materia)  mixed  \^i'h  fine  ii'on-niekel  metal 
partieie.s  of  the  Imdy-ci'nten'd  and  faee-eenl«-red  eubi''  jron-niekel  plin.ses.  Alter¬ 
natively,  a  substaiitiiil  .sehool  -*  ntainttiins  views  simih/f  t<>  those  auvain  ed  here, 
jiostulatiiig  that  etuivex  maria  have  a  ver.v  .shallow  dost  rover,  not  exceeding 
2-3  eeiilimeters,  althiuigh  nlhovitig  tliai  flat  or  eouceVi’  inai’ia  may  contain  a 
grciiter  thickness  of  du.st. 

r>)  Mcrilh'  —  The  la.st  «juestioT(  flml  must  he  reviewed  is 

the  jiartiele  si/e  sjicetrum  of  the  lunar  d«>st,  Tiiis  »j'iistien  gains  iinporlauec 
since  tlie  response  of  lunar  .-soils  to  iinp«).sed  loads  is  to  var.v  sul>slanlially, 

depending  on  whether  oru-  iloals  with  n  very  lino  pov. dcr  or  a  stratum  eonsistir.g 
of  coarse  aggregates. 

Taking  (lie  dust  forming  meehaiiism.s  one  hy  one,  (liermal  tlefoliation  eannot 
produce  particles  of  extreme  finene.s.s.  Once  the  itilficl  roek  has  Iveeii  fissured, 
further  break-up  of  individual  eluuiks  hecomes  a  mailer  of  transient  thermal 
stre.sses  in  the  pieee.s,  rather  than  n'slra.im'rl  thermal  expansion  of  a  semi-infinite 
medium.  The  action,  thcrefon'.  depends  on  heating  vt  cooling  rates  that  oecur 
near  the  lunar  terminator.  The.st*  are  ijuite  steejn  ( •))  the  other  hand,  for  a 
given  Iieal  flux,  thecinal  .stia-.sses  will  become  snialhl'  as  ll\o  size  ot  liie  body 
tliminislu's.  Therefore,  as  n  rrnde  gms.s.  one  tnay  .sa;  'bat  thermale  dt'loliation 
will  result  in  partieles  of  n  rather  uniform  size,  raliyiug  u)>  to  100  /i  at  the 


sMrfnpo,  witii  i>ni;;ii'ssivf|y  i:icii'iisin<'  si/.cs  Ik’Iow  wIumv  tlii'iiiial  actiuti  Ls 

Kr**  scvorc. 

To  tiu*  ('Ntfiit  that  the  coiulcnsat ion  of  iiiPtooiN  vni>oriz(‘<l  upon  impact  ha* 
roiitrilnitcd  to  dust  formal  ion,  the  particles  orioinatiiiR  from  this  >uiur<t‘  iiutsl 
be  extremely  fine.  Cooling  of  tlu-  va|M)ts  is  ipiite  rapid  and.  despite  the  weaker 
gravitational  field,  their  llight  paths  would  tend  to  be  short  for  lack  of  dmji 
forces  in  the  lunar  atnnvsphere. 

Much  the  saiiu-  can  Is-  said  f<ir  the  parMeles  aeeuinulated  from  the  galaetic 
ditst  raining  down  on  the  nuam  s  surface.  In  aeeordanee  with  data  givmi  almve. 
the  least  particle  size  rl•pres4•nted  is  ().S:{  y».  while  the  mean  of  tlie  population  is  at 
altuut  6  n  with  a  strtmg  skewing  to  the  smaller  particle  si/cs  in  the  speetium. 

Thus,  the  nieehaiiisms  eonti  iliutivi'  to  dust  fnrmatinu  would  tend  to  generate 
a  jHfwder  with  |)artiele  sizes  ranging  from  l-lOt)  y.  a.i  tlie  surface.  Interminghsl 
with  tills  very  fine  powder  are  larger  p.irti<’le.s.  repii'seiiled  hy  ehoudrilie  and 
aeliotnlrilie  meteorites,  which  esea|)etl  vapori/.ition  either  heeause  of  tlieir 
grazing  angle  of  im-idenee  u|)on  the  imuin's  s\uf;iee.  or  heeaust'  they  inipaetisl 
into  existing  powder  hisls  ratlier  than  hard  loek. 

l*roeeeding  dowi.aard  from  thi‘  surface,  the  particle  size  grows  and 
aggn-gales  increase  in  size,  in  keeping  with  seliematic  view  pri'seiitcil  in  fig.  d, 
\intil  one  arrives  at  .soliil  hedroek. 


The  surf.oce  of  the  terrestrial  planets 

IWaiise  of  the  more  imminent  interests,  and  their  relative  proximity  to 
Kartli.  this  diseiission  will  he  coiiruie<l  to  ati  examination  of  informatiun 
avaihihle  on  the  surface  conditions  (>f  the  terrestrial  planet ;  .Mereur.v,  Venus 
and  .Mar.s.  Those  l>islies  an-  called  lein'si rial  planets  heeause  their  density, 
ooinpusitioii  and  probable  interior  strneliire  are  reasonahly  similar  to  those  of 
Knrth.  Facts  n-garding  theii’  pi'oh.ahle  surface  eoixlitioii  are  extremely  laeager; 
a  few  liata  eharaeteriziug  these  bodies  are  presented  in  Table  IV. 
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Dahl  for  the  terrcstrint  jtlinielt. 
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a)  Mercury.  —  .’Mi'ii-uiy  appears  to  he  very  eoaiparahle  in  most  of  its 
aspects  to  our  luooi  It  ii.is  a  period  of  rotatio!)  eipial  to  its  jH'riod  of  revolution 
arcuitid  th.e  sun  (8^s  sldeie.'i  days),  and  an  all-edo  and  deii.sity  very  eoinparahle 
t'v  lunar  values.  The  low,  value  of  the  alla-do.  and  negative  nature  of  .s])ecf  roseojiie 
olescrvation.s  indicate  that  Mercury  has  virtually  no  atim>s|i!ieie.  The  he.st 


curmit  o.stnmiU-s  ■'  with  jMjIiii  imctric*  torlmhiucs  iiulieote  the 

oxibt<‘iic<‘  of  ii  tliiii  .•>tin(»si)li«‘ro  of  unknown  roniiKisition.  The  utniospherie 
|>ivssuri‘  lit  tlic  surriu-o  is  iissunusi  to  1h*  3  X  10‘*  ntin.,  or  ''.23-mro  Ilg.  The 
surf:ict'  toiuiuuMluro  on  tlie  si<l»‘  |x-niiiinfntly  r;icini»  tlip  stin  jiveingos  370*  C; 
on  tln‘  unliglitiMl  side,  it  is  lu-nr  alisoluto  zpisk  For  hn-k  of  ntinospliot'O,  there 


Angle  from  Normal  InciiSence.  deg. 

K'n;.  Ti.  —  I.uimr  tcnnioruliiri'  vnrinlom  :0  .-oit^'tlnr  pniiit  'luring  mie  lmlf  Iiiiii«r  itny. 


is  veiy  little  coiivectivo  hi-at  ll•;lnsfer  fioiii  one  side  to  tlic  other,  iind  the 
onlighted  side  of  .Mereiiry  is  pndcihly  the  eoltlest  solid  surfiiee  iji  the  enttre 
solar  systent. 

The  polarization  of  refleeted  li"lil  and  albedo  being  the  same  for  MoiTury 
and  the  .Moon,  tin'  snrfaec  eoinlitions  »)r  these  two  bodies  are  also  nssmned  to 
1)0  similar.  Tliere  me  some  dii.sUy  surl'aee  markings  on  .Meretiry,  whu,se  e.sistenec 
was  re|>eatedly  eonfirinetl  by  observei-s  I'hernial  defoliation  of  surface 
^•0(•ks  is  unlikely  to  oeeiir,  since  .suiTaee  temperatures  on  the  planet  are  steady. 
Ileeanse  of  the  low  albeilo.  one  may  assume  tlie  pi'e.seuee  of  igneous  basalt  and 
djirk  liu  a  foi  ining  a  vi  ry  irri  gnlar  rough  sni  laec.  Owing  to  the  surface 
temperatures  on  tlio  lighted  side,  there  are  likely  to  1m'  molten  pends  of  z.iiio 


anil  tin,  if  tliosi'  I'lcinonts  I'xist  mi  tin-  ptaiii'i.  Its  Im-atirni  In-in};  near  the  sun, 
till'  iK'iisity  of  jiai-tifulati'  i-nsmif  sliowi'i*  ili-si't-iiiliii};  niH)n  Jli'i-fiiry  is  liki-ly 
to  Ik'  much  }ri*i',iti'i'  tliaii  at  thi>  cai-lli  mbit.  Tlicivlnri'.  the  planet’s  sitrfare  is 
piiihalily  ciivei-i'il  with  u  layer  of  ilnst  M'venil  tiini's  as  ilcep  as  the  I'stiiuateil 
ininiinuni  of  cm  co\ciin}»  the  niiNiii.  Meii-iiry’s  snrfaei'.  like  the  niooii's  will 
also  Ik'  founil  to  show  extensive  eiater  formations  caiisa-tl  hy  nu-li-oric  impact. 

h)  Venus.  —  This  planet  has  physical  eharacti  ristics  most  elnscly 
a|>|iriiachin<;  those  of  the  earth.  However,  wc  know  virtually  nothin};  alnmi  its 
surface,  since  all  we  sec  is  its  atmosphere. 

The  temperature  at  the  top  of  this  atniospheii'  is  —  (’  mean,  as 

iletermiiiei!  hy  either  theriiiiM-leetrie  or  railioiui-trie  measurements^.  The  ^-*lill 
surface  temperatures  at  the  iNiitom  of  this  atmosphere  are  assnmisl  to  In.-  in 
the  range  of  The  only  ileteelalile  element  in  this  atiimsphi-iT 

is  >peet roseopie  iiivi-stigatioiis  show  no  trace  of  water  or  ox.vgeii. 

The  great  alheclo  of  N’eiius*  atiiiosplieri'  imlneisl  invest igatoi-s  to  In-lM-ve  that 
it  is  hiileii  with  gloliult-s  of  liipiiil  or  siiliil  material  somewhat  over  in 

size although  ]nilariioet rie  measurements  ilo  not  eontirm  the  existence  ol 
soliil  ilust  in  the  atmosphere.  It  is  not  known  how  higli  the  atmosphere  is, 
hut  the  har<iine(rie  ]>rissnre  has  lu-i-n  estimateil  as  high  as  10  atm.  at  the 
.surface.  This  \alue,  however.  a|ipears  to  ln'  exeessivi*  when  lonsiileriti};  that 
the  escape  velocity  fur  Veiuts  is  ahont  the  same  as. that  of  the  Karth.  Hstiniati-s 
of  a  surface  pressure  not  ipiite  '2  atm.  appear  to  Ih'  more  n-asoiiahle. 

Heeaitse  of  tliiir  similarit.v.  we  can  assume  that  voleaiiie  m-tivity  uli  Venus 
Was  similar  to  that  of  the  i-artli  ami  may  still  lie  in  in-ogress.  This  eonhl  aissumt 
fill'  the  pre.seiiee  of  (‘()j  .-iml  lack  of  water  on  this  jilanet  While  .some  argue 
that  the  surface  is  euniplelily  euvereil  liy  oceans,  the  lack  of  any  ihttM-tahle 
water  vaiuir  in  the  atmosphere  makes  sueli  an  as.simi])tion  iiiilikel.v  I’iiolu- 
ilis.soeiatioii  is  eertaiii  to  have  ereateil  CO  in  the  VeiiiiNiaii  atnuisphere  tsis' 
iliscussiun  for  Marst,  vvhieh  "onlil  have  lu-en  retaiiuil  l>,v  the  ]>lanet  in  vievv 
of  its  eomp.'Uatively  high  e.seape  velocity  (near  that  for  Martli)  The  atmospheiv 
is  also  certain  to  contain  t'Hi,  which  wonhl  again  is  main  on  the  ])1a)iel. 

The  infi-rreil  siufai-e  teinperatnn-s  make  it  improhahle  that  therv*  Is  an.v 
liipiiil  material  on  tlie  surface  of  Veniis.  Heeansi'  of  shifting  streaks,  nehiilons 
haiiils  anil  ehaiigeal'le  hright  areas  ohservahle  in  the  atmiis]iliere  when  pholo- 
giapheil  in  ultrav  iolet  light  ”,  it  is  geiierall.v  assnnu-il  that  the  atmospheiv  is 
ill  a  state  of  violent  motion,  swirlio;:  great  elomls  of  iliist  to  large  heights. 
The  aeeompati.ving  erosive  action  has  ju-ohahly  eovereil  the  siirfaiv  with  a 
tleep  layer  of  finely  ei-oileil  saiiil. 

e)  Mars.  —  .Mars  is  the  only  celestial  hoily.  excepting  the  .Moon,  whose 
surface  features  can  he  pliotographeil  ami  measiireil  umler  tele.seojvie  olisi'r- 
valioM.  Iiiforniat ion  aeeuimihiteil  to  ilate  shows  the  existeiiei'  of  wliitc  imlar 
cajis,  large  areas  vviio.se  color  eliaiig'‘S  from  gre.v  to  ilark  green  with  seasiuial 
variations  ami  wliieli  are  iiiiiiniseeiit  of  lunar  maria;  vast  jH-riiiaiient  orange 
expanses;  aiul  a  network  of  thin  lines  soinetinies  iileiitifu-il  as  *,eaiial.s». 
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Tlic  itxis  of  lI.ni'H  is  ini-liiusl  at  24“  to  tho  of  its  orbit,  which  nnikes 

for  vcrv  |ii-onounci\I  seasonal  variations.  Breansr  of  its  n>ti)tional  i)erio<l 
(687  earth  tlnys),  the  seasons  arv*  alNiiil  twice  as  loiijj  as  tliost*  on  earth,  and 
tile  stirl'iiee  tempera tniv  is  Isdievtsl  to  raiifn*  from  — 120*  (.*  to  d-  30’  C;  at 
perihelion  the  northern  hetnispheiv  is  in  the  «  wint<-r  season  ».  The  ilark-Ki'cen 
aivas  eluiiiire  t**  hrownisli-^rn-y  at  the  approach  of  winter,  which  forms  the 
Iwsis  of  sis'enlatitm  alaml  the  existence  of  some  .simple  form  of  life  (lichens, 
mosses)  on  Mai's.  The  ix‘<Mish  «>r.‘in}ie  areas  show  litta*  ehan<je  in  color  with 
the  .s^'asiins. 

The  I'l'treat  of  polar  caps  diirinji  summer  is  not  nniform’';  there  are  sinnll 
patches,  iihva.%s  in  the  same  hnat:  'U.  that  hohl  out  for  weeks  alter  the  whiteness 
ilisappeai’eil  Iroiii  the  surroi'.mlint;  area  with  tlie  aileame  of  summer.  This 
siiooesls  (lie  pn-seiiee  of  siihstaiitial  ilifTeix'iiei-s  in  elevation  on  the  Martian 
smrms',  llm  plateaus  heiii;*  eohhr  than  the  Mirroini<lin“  planes.  These  jilnleinis 
are  expceteil  to  have  very  niihl  slopes  ami  heights  not  e\ceeirm<{  10,000  ft., 
since  no  iris'enlaritii's  have  U-en  imteil  in  photographs  tirar  the  treminatur, 
where  tiny  slionhl  otlierwis*-  Iv*  s«'en  with  ea.«\ 

'I'he  polar  caps  are  almost  ei-tlainly  forimsl  of  water  (snow  or  ire),  in 
view  of  the  iirevailinti  Martian  temperatuix-s  (too  hioh  for  ilr\'  ice  to  form), 
the  relleclivit.v  of  the  cajis  ifar  lower  than  that  ronx-spomlinf;  to  CO.)  ami 
hirau-a'  of  recent  pola riliiet rie  loeasnix'ineiits **. 

Tile  true  color  of  Martian  soil  (exrhisive  of  tin-  maria)  is  nioih'ratel.v 
ri'ddisli  ",  the  relleeted  liirli  liaxiti*.;  wavelengths  varvino  lietween  0.4C  and 
0.64  microns,  Tliesi'  areas  <-over  ahont  7o  '<  of  the  Martian  surface  and  are 
assumed  to  he  hai  reu  dvM-rts  eoiisistiti!'  of  a  t:ranular  or  powdery  form  of  iron 
oxide  (iliih  iiite  or  linirninei.  the  latter  a  hydrateil  ferric  oxide  of  reddishhrown 
color,  'riie  piainiiirss  of  tin-  surface  and  the  opacity  of  grains  is  confirnii'd  hy 
the  low  aihedo  of  .Mars''.  These  reciuiis  are  also  siipjMised  to  he  the  source  of 
iliiii  yellow  rioiids  frequciill.v  ohs,rved  ill  the  M.iitian  aliiiosphei'e.  In  fact, 
these  eloiids  are  more  nuiiicroits  when  the  planet  is  near  perihelion  (which 
a;rrees  with  the  fact  that  most  of  the  «  deserts  »  jiroviilin;'  the  dust  for  liie.se 
clouds  lie  in  the  sontliern  lieiiiispliere),  and  their  polari/.ation  of  rellerled 
siniliolil  is  identical  with  that  of  powdrr.v  soil'*. 

Coni  I'll  r.v  to  Moon  and  .Mercnr.v,  Mai-s  is  <  liiiil»-.1.'irk  »  and  is  sni  i  oiinded 
hy  a  «  hliie  ha/e  »  (whose  oilor  is  actually  nil,  hy  all  standards),  Thoreforc 
it  dclinilrl.v  has  an  atinospliciv.  Tlie  Martian  atmosphere  is  known  to  he 
some  40  Kill.  IiIkIi,  with  rather  }:ood  asireeineiit  that  its  surface  pi'es.suro  is 
iihoiit  (i.'i  •  mill.  “  This  is  alHoit  10  peri-ent  of  the  lern'strial  M  U-level 

lahie,  and  corresponds  to  almospliciie  jin-ssnix's  exlslin;;  at  an  elevation  of 
.'i.'qOUO  IVi'l  on  I'hi'ilh.  Speeti'oscopie  evidence  has  sliown  th.e  ))resence  of 

onl.\-  ('(»,.  in  the  Martian  atinosiiiuix'  (which  appears  to  In'  twice  as  ahuiidant 
as  on  Kiii'lh),  with  no  iiulieali<iiis  of  water  vapor,  oxygen  nirtliane,  nitni*ri'n 
or  iKihlr  ;;ases.  This  is  uinlcistaiidahle  if  one  considers  that  the  escape  velocit.v 
for  Mars  is  alwni  5  Km./.-see.,  as  (.•onipared  to  11.2  Km./sec.  for  Karth.  Hence, 
iiioleonlc.s  .'i  li'iie.':  heavier  should  escape  with  ispial  east'  fixnn  Mars  than 
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tTiusc'  from  Ejivlli  (ijriiorinp;  the  sioiill  cAVcf  of  dilTi'n-nt  loinprrnit'ros  at 
the  exuspherie  imihp).  Atomic  oxygen,  incth.nic  iuul  \v;itci-  vapor  slioiilil  liave 
escaped  fr<»m  the  Martian  atinosphero  with  even  {'rniter  east'  tlinii  Is  tiie 
rase  for  licliiiin  on  Knrth. 

Tl«e  ^Inrtian  atmospheri*  is  very  liki-iy  lo  coiitnin  earlxni  nmnoxiile, 
formed  by  the  dissimiitysitiitii  of  uiuh'i*  soliir  rmliatiim  tlie  atomic 

oxyjren  so  fornuHl.  in  turn,  i‘seap*‘M.  Ct)  on  aciMinnt  f)f  its  hifTh  drwK-ialion 
eiiertiy  fH.O  eVj. •  will  In*  little  atVeettsi  by  piiotoilissoi-iation,  ami ‘will  stay 
in  the  atmosplieis*.  So  will  nitrojteii,  wliieh  has  i.n  citu  liijrlaT  divMa'ial ion 
enei'jry  tl.'i.tJ  eV).  Kurlherniore,  wat-.r  va)>or  is  known  to  I'Xist  on  Mai-s,  ns 
evideinssl  by  the  iwilar  caps,  and  by  brillianl  white  Nbiftiiips  spots  in  the 
atmnsphere  *■'  whi«‘h  :ip|*ear  to  lh-ha\e  like  teriesliial  cirnis  ehnnls.  Mo|-eover, 
speetnijirapliie  eviilems*  wonbl  not  bo  expeeteil  to  si'ow  till-  jiri-seiioo  of  jiitii)”en 
and  noble  nasi-s.  Kroin  known  data  of  temperature  iml  pressure,  however, 
it  apiKsirs''  that  <tf  the  atnuKphere  is  made  up  of  N;,  the  halanee 

iK'iiijr  fOj  (assumed  eoiieentralion ;  CO.  I1..0  and  ainoii,  the  latter 

fornus!  ns  (he  natural  dtsai.v  pimltitt  from  K,.,  in  tile  surface. 
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Probable  planetary  surface  conditions 

The  ba<‘k)> roiiiul  iiifiuiiiation  jirisented  liefure  permits  eertain  i-onelusiotis 
and  h.vpollieses  to  be  drawn  r<•J;ardin}^  the  luubahle  surface  eoiiditioiis  of  the 
moon  and  tin;  lern  slrial  planets.  This  is  ju  es-nli  d  below. 

a)  Moon.  —  Only  the  lunar  binhbuids  .uni  the  lims  of  lunar  eraters 
are  free  of  dust,  lii  tin's*-  n-yions,  bare  roek  is  likely  to  bi  eiieoiintered,  wliieh 
is  very  slowly  beiii;.:  deemnposed  into  dust  uinUr  thermal  defolialioii  <1ue  to 
the  nlteriiatioii  of  lunar  ninlit  .•uid  ibiy,  liyht  ••rosion,  and  the  impact  of 

imtisirites  oil  the  In.rd  surlaee  of  *Np<isrd  nak. 

The  slopi's  «>f  lunar  eraleis  are  likely  to  In'  eo\ere(l  liy  a  layer  of  dust, 
wliose  tliiekin's.s  liiai'  iiicrea.M-  to  several  luiinired.  t'.s't  as  one  de.seelids  to 
lower  eh  vatioiis.  This  dust  is  lel.  l ively  loose.  be>ause  of  tile  lessened  pravi- 
tational  lield  of  the  immii,  ami  on  .lecotiat  of  ila-  repulsive  force  of  eleetrosjatie 
eliaro(-s.  The  sni-faee  of  the  iiu.st  bi.vrr  is  dispo>ed  on  an  iiieiination  seldom 
exe.ediiio  1'",  eijiialiiio  the  anple  of  repose  of  this  material  under  its  eiiviron- 
meii'al  coii'lil ams.  This  dust  's  slowly  I  'i.iraiiny  downhill,  under  pre.ssiire 
of  iS’deeted  suull<'lil.  s«diir  proton  hombnidment  and  lunar  era\ itatioii.  It 
iiiay  als*‘  be  assumed  llmi  tlie  ibtst  eiivi-rin;;  lunar  -rloi'is  is  in  a  state  of 
rather  preearioiis  e<|uilibriuin ;  any  substantial  distui  banee  (as  created  by 

lunar  s«'isniie  activity,  tin-  impaet  of  bir^o  niettors  or  llie  laiidiup  of  insl ruiiieiit 
packimo's)  iiiifjht  set  otf  a  lunar  «  iliist  avalanelie  ». 

The  iHitloms  *if  luiinr  eiater.s  an-  ju-.balily  tilled  with  ilust  strata  that 
nia.v  r;ui;;e  up  to  s*'v>Ta!  kilometers  in  thickm-ss.  I'lider  the  weiulit  of  tin* 
overhunlen,  the  *bist  inin.t  lie  more  ei>m;)aeled  in  lower  st  rat  ideal  ioiis.  Tlie 

<“leetrostaiic  e’inr;.iiiip  that  the  lowernnisi  layers  no;;,  uiiee  lone  aeipiired  has 
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loll);  s'uuv  loiikiHl  iiwiiy.  It  is  nlsii  (Missilili*  llinl  tli-cp  Inyi^'s  (TT  Innnr  <lust  «*ntnin 
s»»niv  liu»islMlv,  tili"iiiiiliii};  iiuistly  fumi  ilM|iil(ti(l  luitrors.  Tlic  l:iyoi-!i, 

IlH'ivfoiv,  iiiv  <'(>nt]iiu-t('il  by  tin-  (ivcthiirib'ii,  liu-k  I'li'cti’oslntic  olinrvrs,  )in<l 
«iiiiy  Ik*  mnciitcil  by  iiioislniv  iiiid  iw  iil  IIm*  low  tcniiH'nitun's  piwntling 

lu'tv.  TIu'ir  t-obrsioii  must  l.r  vfiy  bi"b,  since  fi-iclinn  lK*t\veen  the 

gruiu:!  is  likely  to  1m*  substaiiti:il  for  iibseiice  of  giiscous  or  lit|ui<l  lubriention. 
Ili'iuv  the  iMtttiUu  biyers  aiv  likely  to  be  ([iiiti'  liiirtl.  Kven  greater  lianliioss 
wuuhl  Ik*  elieouiilei'etl  itt  areas  wbere  that  bent  of  im))aet  of  collidiltg  l)bnic- 
tesiiiials  aeling  »>n  tbe  lunar  surface  creatisl  locali/eil  lava  flows. 

l*nu“ee(ling  n|i\vartl  from  ibe  bottom  of  crater  ibist  beds,  density  ami 
apparent  cohesion  drop,  until  one  arrivi's  at  tbe  surface  wbere  the  .same  Huffy 
euiiditions  tnndei'  action  of  electrostatic  forces)  are  e.speeled  to  liobl  in  the 
layei's  roiislitutino  tbe  uppermost  few  feet  as  tbosi*  already  deserilM'd  for 
lunar  slojies. 

Tbe  dust  ctiver  of  tbe  maria  is  far  tblnner,  by  i  oni)>ai‘ison.  In  convex 
tnaria  tbe  dust  cov<'r  is  of  tbe  order  of  ceiitimetri  s  in  tluckness;  Hat  or  coiieiive 
maria  are  overlain  by  dust  up  to  sevend  ileriineters  thick.  Liencatb  ibis 
thill  mantle  of  dust  lies  rock  of  )>lutonie  origin,  basaltic  in  nattuv  if  it  is 
the  result  of  igneous  processes  or  tbi'  imlting  of  iniiiacting  asteroids,  and  of 
•in  iroii-nirkel  eoinposition  if  it  repii  sents  tbe  onlpoui  ing  of  a  onee-tnolteu  core. 

The  particle  spectrum  distribution  of  tbe  lunar  dust  is  likely  to  vary 
over  <iuite  a  broad  range,  enroinpa.ssing  aU>ut  (lie  orders  of  magnititde  (1  /i - 
10  cm.),  witli  a  distribution  bigbly  skewol  towanl  tbe  finer  jiartieles.  Tin* 
filler  eonstitueiils  originate  from  the  galaelir  ilust  shower  and  liie  eoiideii.satiou 
of  meteoric  innterial  vapori/.ed  u|>iin  impact.  Tin*  inedinm  size  jiartiides  :ire 
tbe  tvsull  of  tbe  tbennal  defoliation  nteebanisin,  while  the  largest  partieles 
aee  made  up  of  elu.iidrite.s,  aeboudrites  and  meiallie  meteorites  wbieb  remained 
ii'lalivel.v  iiitnet  upon  impaeting  into  tbe  loose  dust  siirfaeo. 

Kxeeiiliiig  for  tbe  vi  ry  bottom  layers  formed  iluriiig  tbe  first  few  eons 
Ilf  Ibe  .Muon's  e.visteneo  fwbeii  eraler-sbaping  nieleorie  activity  was  liigb),  tbe 
ivniaimler  of  the  vlust,  its  .sotiree  being  mostly  lunae  loek  and  eaptuied 
«galaelie  dust  »•,  is  likely  to  be  very  close  in  eominisition  to  tbe  ebeinieal 
eoiisiitneiils  forming  tbe  moon.  This,  in  Inrn.  is  cNjieeted  to  In*  iiuile  well 
n'ptv-.sviilvd  li.v  ehondritie  material,  at  least  -lO'f  of  wliieli  is  eoinposed  of  Sit).. 
This  ma.v  be  inlers]ierseil  vvilb  iron  iliekel  jiarlieles  coming  from  iron  im'too- 
riles,  giving  tin*  dust  n  «  niisluduvad  » a)>pearaiire.  I’lie  I'levalvnee  of  iruiv- 
uiekel  components  may  be  bigber  at  tbe  hot  loin,  ilue  to  inleiisifieil  meteoric 
impacts  during  tbe  early  stages  iu  the  life  of  our  eelestial  eomiiaiiiou. 

This  bypoibesis  lor  Ibe  lunar  surface  would  help  to  exi>lain  the  trbseopie 
and  radio  observations  regariling  surface  rougliness.  On  the  visible  scale,  the 
lunar  surface  woiibl  be  rougb.  since  most  of  ilu*  eonstitnent  inutieles  of 
tbe  lunar  ilnst  are  larger  than  the  wave  length  of  visible  light.  t)n  the  otlier 
Igind,  innar  g'ravitaliou  acting  on  tiie  clcclroslatieall.v  exeited  sn;  face  dust 
would  keep  the  upper  layer  smooth  on  tbe  order  of  wave  leiiglb  of  radio- 
observations  (10  eni.l;  any  inipaetiiig  meteor  or  meteorite  vvould  be  install- 
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IniicoH^ly  onvolopod  into  the  surfnco  tins*  and  sink  to  lower  olevationn  (sinec 
electrostatic  forces  in  iTjrai'd  t4>  laijicr  jnirtieles  an*  likely  to  be  insi};niticaiit 
as  compared  to  tlicir  cfFwt  on  small  particles,  in  direct  pro{>urtion  to  the 
inass/ 'surface  ratio). 

b)  Terrestrial  planets.  —  In  brief,  the  ter  rest  rini  planets  (e.vecptini; 
Kartli)  may  Ik*  ixpected  to  posM-ss  the  rolbiwiiijj  surface  conditions: 

^frrclll^lJ  lias  a  nijreed  surface,  with  «*xfensivc  crater  fornintions  and  a 
dust  layer  wliieli  is  thin,  but  jirtibably  exeeed.s  10  cm.  as  :i  luiniiauin.  Tlic 
origin  of  most  of  this  dust  is  trai'eablc  to  ;:idactic  dust;  the  iiusdiaiiisni  of 
thermal  «lefoliatiou  is  relatively  inaetive.  .Mereiirj'  alway.s  ttirns  the  .-sime 
face  toward  tlie  sun;  its  sun-bahed  side  may  hold  molten  pools  of  zinc,  tin 
or  niercury,  while  the  sliadowy  side  is  frozen  at  a  lew  «b*"r»s-s  altovc  al>solntc. 
Its  atmosphere  is  vi'iy  thin,  at  a  siirfaee  pressure  of  alsnil  0.2  nim,  ll;r;  then* 
are  no  violeiii  storms  nor  any  erosive  birees  act  in;*  oa  its  stirfaee.  The  planet 
is  »  deail  »,  much  likt*  our  moon. 

r<  iiKi’  surface  is  in  a  murky  twili;;ht,  hot  (dlX)"  (.*)  and  diy,  overlain 
by  an  atmo.spheie  (hat  cx«*rts  a  surfa<-**  pri'ssure  of  alKiiit  l.'iOO  mm.  !l{r  and 
is  (Huuposetl  |ti iiici]ially  of  (’(K.,  (’(I,  .\%,  Cll,  and  po.ssibly  l>..  and  llrU.  The 
atnios]diere  is  rent  by  violent  storms,  p*ni*ralino  liu;.te  dust  clouds,  and  excrlint; 
ill!  enoriiiuns  erosive  aelioii.  Heeaiise  of  this,  iheri*  .ire  likel.v  to  !«*  extensive 
and  dei'p  dttst  IhsIs  on  Venus,  hut  few  surfuee  features  bisakiti;,'  the  inotmtony 
of  the  terrain.  The  dust  is  ;jrroiind  l«»  a  particle  size  on  the  onlvr  of  2  ;i  or  finer. 

Mrosi’.e  action  is  also  forceful  on  Miirx  which,  however,  ha.s  rrtainnl  some 
din'eremes  in  elevation,  as  cvitlein-ed  h.v  jilateaus  and  relatively  nam*\v  .nml 
shallow  '.k'invssions  ^the  canals).  Most  of  the  snriaee  is  dr.v  «b’.s4'rt  land  consisting 
of  granulated  or  jmwdery  iron  oxide.  .V  thin  layer  of  vegetation  eovei*s  aWtl 
1/4  of  the  surface,  ami  a  very  iliiti  iee-caji  forms  iit  the  pole.s,  the  size  tif 
both  of  these  regions  elianging  with  the  sc.isous.  The  atmo>phei*e  is  tliin,  it.s 
I»re.s.surc  being  only  ulnml  l/IO  that  td'  tlic  earth.  This  atmosphere,  consisting 
of  N;,  COj,  CO,  il;.()  ami  imhk*  gases  is  in  violent  motion  and  generati*s 
great  dust  .storms.  Oxygen,  hydrogen,  ami  helium  are  not  expeeli'il  tt*  form 
jiart  of  the  atmosp'ii  re.  Because  tif  tin*  lilteriug  action  of  the  atmospheiv, 
tilijeets  on  the  surface  would  ae(|uire  a  deej)  reddish  tint. 


Considerations  for  landiiig  on  the  moon 

.So  little  is  ^n■ml.^■  known  alKHii  the  s.irl'aee  eoiiditioii.s  «»r  the  tenx-strial 
planets  that  any  hypothesis  regarding  their  .soil  eonditioii.s  must  be  C(>nsidert‘d, 
at  best,  as  an  e<lu<*ated  guess.  Then  (’(ire,  we  raimot  iiidulg**  in  the  luxury 
of  predieliiig  conditions  to  be  oiieouidered  upon  landing  on  Venu.s,  Mai’s,  or 
.Mrreur.v,  until  .seieiilific  studies  mid  furtlier  siiaee  exjilorations  turn  nji  iiioi’C 
factual  inforniiition  on  tliis  subject.  I-'orlunateh’,  tlio  need  for  tliis  knowh.slgo 
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is  .stiff  Mime  itisfnnee  sin«f  Vcniisinn  ur  lliirtiuii  laudings  arc  iilannod 

to  take  place  only  aUxit  a  d(‘(-a(lo  fn»tM  now. 

Laialiii^s  on  the  liiiai.'',  on  the  «ilh<'r  hainl,  will  Im*  nttcinpt«'d  very  .shortly. 
Thp.se  landiiiKH  (apart  from  the  iii.stiii:r>ent  laickaKe  of  Kover  which  is  not 
pxpciMisl  to  survive  lunar  impact)  will  ron.slst  of  stntionniy  instrument 
packages  (the  Surveyor  scries)  and  mol»ilc  land-roving  iiisIrunicntiKl  vehicles 
(the  I*ivs)K‘ctor  siU'ic.sii  partially  ct»iitn>lltsl  )>y  remote  cuiniuand  which  will 
telemeter  inroimatioii  hack  to  earth,"  This  will  h»“  hdlowed,  no  doubt,  by 
manned  landings  after  siiflieient  data  have  Ims-ii  eullectisl  to  niaki*  this  udventuru 
realistieally  .safe.  In  this  light  is  Inssmiics  a  problem  of  immediate  intei-cst 
to  tsmsider  the  ^Muhahle  eomlitions  iwrtaining  to  lunar  landings. 

Hy  token  Ilf  what  was  .s.-iid  Im-i'oiv,  tin*  pos.sil>le  choices  for  a  lunar  landing 
would  citlicr  lie  the  liiiii'cr.  nnk  of  Jntinr  i*ratcr  rims,  the  .shallow  dust  layers 
of  the  aiaria,  of  tlic  d* ‘  p  dnst  la-ds  of  lunar  low  lands.  As  stated  liefoiv, 
laiulings  on  lunar  slo(<cs  may  Ik*  dLsastruiis. 

lamdtngs  on  tlii'  exposed  rm-k  of  Itin.-ir  liigldaiids  (‘iitail  few  unknown 
eiiiiditioiis.  However,  siieli  landings  wonhl  post*  serious  prohleins  on  aeeouiit 
of  the  fact  that  lluse  anas  mtistiinie  only  an  exln-mely  .small  part  of  the 
litmir  smiaee.  The  giiidame  inolilems  r«s|uireil  to  lie  solvisl  to  avsiire  a  rori'eet 
impact  Ideation  would  apio-ar  to  rule  out  this  allernative.  .\l.so,  eushiouing 
or  retro-iiH-kets  reipiind  to  dissipate  the  energy  of  landing  on  the  hnni 
.surface  would  ineur  add'd  w»dghl  |hm;dtic.s  for  the  paekage  to  Ix'  .shot  into 
a  lunar  trajeetory. 

Most  logieally,  the  landing  taig«"t  .should  1m‘  one  of  the  luiinr  maria. 
These  areas  are  reasoiiid/ly  smooth  and  wide  open;  theivfoiY,  comparatively 
easily  impacted  even  wilhnut  a  eontrol  -system  of  the  mast  detiiaiidiug  accuracy. 
Laiiilings  in  tlie  marin,  if  llieir  surfaii’  is  as  euvisiomd  hert’,  would  lie  some¬ 
what  softened  liy  ilissijiat ing  some  porlioii  of  the  landing  energy  to  permit 
the  vehicle  to  .scatter  ami  parlialiy  .M-ttle  into  the  thin  dnst  layer  covering 
the  mniii'..  M.xploratiiili  of  the  eratei-s  aiul  high  topographic  features  would 
tlien  be  eondmlcd  from  base  camps  e.stablislicd  in  Ibe  maria.  Utilizing  liaekisl 
i.iiid  loeoinotion  vebich'S, 

Tlie  lloor.s  of  eialers  (or  niunnlain  ringcd  planes)  would  appear  to  olTer 
a  poor  landing  target.  If  our  liy|H»tlu-si.s  Is  eoiicct,  and  crater  llooi-s  are 
filled  with  a  thick  layer  of  Kkis«-  du.st,  the  landing  v«liiele  may  settle  into 
ibis  ilu.st  niitil  it  is  completely  swalhiwnl  uji.  The  u.si>  «if  retiM-roi-kets  would 
tend  to  help  little,  siiiei-  ibis  may  only  succeed  in  blowing  n  hole  in  the  dust 
whose  eollapsing  walls  would  fmally  engulf  the  vebielp. 

Kveii  for  landings  in  Ibe  maria,  one  will  have  to  learn  wbat  conditions 
of  inipiiet,  deeelenitimi,  stability,  resistance,  consolidation,  settlement  and 
loeoinotion  are  likely  to  exist  in  dti.sl  layei-s  in  ibe  eenlimeter-nieter  thicknc.ss 
range  exjiosed  to  lunar  eiivii-omm  ills.  Some  of  this  work  i.s  in  progress 
now.  However,  mneh  mm*-  ri'seaieli  will  In-  required  before  any  firm  eonelusions 
ean  be  dniwn  regarding  the  problems  nwiewed  in  this  paper. 


8*24  — 


HIBhlOCliAIMlY 

I)  TiiintiMUf'h  <*.  W.  >nr<lifiiic  voiif.  SoIumiI  uf  Avinliuii  Moilirine,  Smi  Antonio 

.•aiioorr  1V60. 

1)  Kuiper  ti.  P.  in  n.-'lrtinniilir-i,  II,  i7;t-;ill,  l!fii!>. 

A)  Jnsiruv  K.  The  ex|'lnrnti«n  of  tliv  nioioi.  Sri.  Am.,  -It-,  <ir<>l>,  r.niit. 

•t>  l-rey  II.  The  iu«K>n.  Srieoco  in  Spnre,  I’linpUT  IV,  >>.A..S.X,lt.C.  .It.  i’ultl.,  I'llill. 
1;  Cilltert  <!-  K,  HifU.  i’liil.  S«k‘.,  Vh-U.,  1:1,  :.*41,  IMt.l. 

6)  I'rer  II.  4'.  nrii;i*i  lif  ll»«*  *.'•  Mirfnco  fraliirt's.  -  1)  Sky  anil  lelorcnpe,  1, 

itW,  Jnoonry  llCirt, 

7)  Viey  II.  C.  Orijjin  of  the  in<M>n*.'<  Mirfiiro  fi'MiirvM.  •  11)  Sky  iitnl  li-lr'i'iijie,  p.  |iil, 

»bnuiry  ll>Otk 

S)  ?.(oore  I*.  Smiie  Inniir  rrnltT  |ir4<li|oiii.<.  Sky  siinl  Ti‘lc,«cii|ie,  ji.  llnl,  Mnn-h  lliiilt. 
it)  Kie>3  I'.  4*.  nral  J.a.'‘Mivn:*ky  -K.  Tin-  kimuii  pliy>i<'nl  I'hanulcriKlii'n  of  llit  iiioou 

and  Ihe  plnneln.  .Mfl'C-TII-5S  II,  A.s'lT.X  Itm-.  No.  Al>  lla-iil”,  .Inly  l!'->s. 

Itt)  Knidnin  K.  Ik  TKi-  furr  of  the  Muini.  riiiv»-r>ily  of  ('hicni;o  Pri'is.  It'li*. 

It)  Pielilor  (1.  .1.  Hfil.  .\str.  A^-'H.,  >>7,  s,  lti.'>7. 

12)  Hold  T.  .Monthly  notii-os  ft  Ihe  H..\.S.,  11.5,  .5'3,  l'.i.5.5. 

1.5)  N'..\.S..\.  l.'eiitir  Ki'.-<‘nr»'h  Conforfiico,  A.-lroiiMiilire,  4.5,  71-75,  .May  I'.'ral. 

H)  .Inkok  M.  Ural  Imu^frr,  vol.  (,  p.  2'.t2-2'.*7.  .1.  Wiley  and  .s.^u-.,  .\.  Y.,  Il'.Mt. 

1.5)  I'lmritr*  R.  J.  Krui'l'ire,  p.  22-5.2.‘>'t.  •!.  Wiley  mol  Soa^,  N.  V.,  l!i.5lt. 

Iti)  I.indman  W.  41.  an*l  lloliroweliy  .5.  11.  N’.M'.V  'IVelia.  Nate  No.  IPls,  I'.H'.i. 

17)  lluwie  T.  W.  Tran;*.,  Hril.  4Vr.  Soc.,  4.5,  4.5,  ll'lil. 

18)  Kinjjrry  \V.  It.  '  l*ro|nirly  iii<‘si.'.u>*'oi.'at>  at  IokIi  te::ijK  raliire.'<,  Ji.  185  21*4.  .1.  \\  i|oy 

ami  S<*«3,  N.  V.,  llt.51i. 

lit)  Whipple  V.  lo  Vi.-«lne  in  ast.-onantie-*,  2,  2t>7,  Ut.5.8. 

•Jd)  I.aUuw  11.  K  ninl  Alettntoirr  W.  .\|.  I’rw.  Sir;*!  laU'nial.  Spnec  Syaip.,  Nice, 
Pranee,  p.  ll•.■lA•41,  lltthl. 

•Jn  llo.vie  K.  Am.  Set.,  40.  1v8,  Ijnil. 

22)  Urcen  .1.  The  pliy.«irnl  churneleri>lir.»  of  liiimr  Mirfnre.  Proe.  I.uaiir  and  I’lanetiiry 
Kxplor.  4-oll.,  'l,  I,  11- 15,  11I.5.S. 

25)  Itollfu;*  .\.  Couiptl";*  Keildus,  l'ari>,  25|,  14.5*1,  l!l.5lt. 

24)  Antoi'indi  J,  Kny.  A.'lr.  So*-,  of  ('ana. In,  27,  4**2,  1!*5). 

25)  CaniicheL  The  .■\...t  rophy.H.  .luuriiul,  H»l,  2.'.s,  11*4.5. 

2li)  .siiiton  W.  .M.  nnd  Stronp.  I’hy.-*.  Hev.,  41,  !*!*,  I!*.55. 

27)  Mayer,  Mo  I’lillonjih  mol  Sl**.-4iiaker.  The  A'l rupliyH,  .luunial,  127,  1,  I'.'.is. 

2.8)  Krnne.  Nature,  I7.‘<,  55,  lst.5rt. 

2'.*)  Adam;*  W.  S.  and  Ihiidmiii  T.  l’h_\;*.  Hev.,  44,  1*1',  l!'5.5. 

3*1)  SoliocnlHTK.  l’rcu*e.  .\kad.  5Vi>.-..,  21,  555,  11*5*1. 

31)  lliil.-f.  Pri.or.  in  I'hy.-*.,  13,  247,  l'.*.5i*. 

32)  Menr.el  nad  \Vhip|*lr,  A-itr.  S.>e.  of  llo-  I’aeilio,  d”,  1*11,  ll*.5.5. 

55)  Itidc  S.  II.  The  nHnnsphere  of  Veiioi.  The  Kaiol  C.,  ShiiIh  .\loiiien,  <'al.,  2i’,  il*5tl. 

34)  Ilerplicri;  J.  Aslr.  Soe.  <if  i'nnadn,  4.5,  lOn,  11>.51. 

35)  I'rey  H.  k*.  The  plane!.-*.  Yale  Vniv.  i’re>.-..  New  Haven.  Ili;52. 

3li)  Kuiper  H.  I’.  The  lhre.'*liid*l  >»f  .-"oaoe.  I’ernaiaoii  l‘re»a.  New  York,  l!*.5(. 

37)  Kiehard.^oa.  .\etr.  Soc.  of  the  I'nrifie,  ti7,  51*4,  U*.5,5. 

3.8)  Opik  K.  J.  .loiiriial  llcophye.  lie:*.,  l•.5,  5**57,  lf*(itt. 

5l>)  Itollfiia  A.  .\slr.  Soe.  Nif  the  I’oeilie,  7*1,  .5'),  11*5.8. 

4**)  De  Ynueonleiiri  41.  t'onnite.-*  Ileioln.*,  I’uris,  22**,  388,  H145. 

41)  Kiew*  4"'.  4’.  et  nl.  A>trujihy».  .lonnial,  42fi,  57!*,  1!*.57, 

42)  Kuiper  H.  P.  Atmo'plierc.H  *»f  Karth  aiol  I’lmiet^.  t'a'v,  of  flii.-aoi*  rre'>,  *.lt41*. 

45)  llicharitson  It.  S.  Aslr.  Soe.  of  the  I’nrilie,  til*,  25,  U*.57, 

44)  Opik  E.  3.  Irish  .Yslr.  .1.,  H,  137,  IPalt. 

45)  Wrighi  \V.  U,  A>!r.  S*tf.  *>f  the  Pncilic,  51,  21*2,  ll»5!t. 


—  {525  — 


I)  /  S  C  V  .S  .S-  /  0  N  S 


J.  A.  RYAN.  —  Tln'rf  hit  ii  lll•llll)l•r  ul  roiuhu-iiis  wlii<-h  iiri’i!  to  lio  mmle 
miiiTniiii^  thiii  i>H|icr. 

Tlie  lirst  i-oiiiiiiftil  llio  rllir.K'v  »('  fliil r<i>liil it-  I'tiri'fv.  ns  n  soil  tRiiisjiort 

iiUH-hniiisiii  nii<l  ns  tlir  viuim*  of  llip  liniiir  soil  KIitI rosliitii-  tones  i-aii 

act  Hs  a  I  rnii>|Mii  t  llll'•‘llnluslll  ninl  i-nn  soil  iiorMsity  jirnvidnl  €  Nmiso  » 

iiiiitcrini  ol  .-nHn-ii‘iilly  .-iniill  .-i/.o  to  l«‘  .ilTtrlisl  l»y  -luli  clri  tnislntii;  ilin r;;i‘.s  is  iircsPiit 
anil  |>ri>viijisl  plistioslnlic  clinijiiiij;  oii-iirs  ni  llic  liiiinr  sinfm-p.  iTt  us  4-(inMiUT  Ihcw 
IHiiiits  ill  order. 

As  for  «  louse  »  iiiii(en;d  existiii};  iit  tlx-  liiiiiii  siirl'nis-  we  see  lliiit  lliere  :ire  two 
iiieelinni.sliis.  sjetileriiio  mid  iiieliMrite  iin|>;iit.  wliieli  leiid  lo  prodllic  eeiiimled 
•iintrriill  *  However,  siiiee  il  is  ni4  to  Is-  evjieele  1  llir.t  nil  the  suilioe  iniitrrinl  is 

«vnieiiltsl  €  loose  »  lua'eriid  enii  evi~f.  Tlu  luM  (jiii'sliuh  is  wlii-llier  iiinterinl  film 
:;miiifsl  etioii):li  lo  Iw  ntleelisl  liv  eleel nisi n lie  flini’.res  ;xi:.ls.  To  niiswer  tills  qiiestioii 
we  eiiii  draw  on  llie  work  done  in  llie  Soviet  I’nioii  over  the  inist  lliirly  years  on  tlic 
|diotomc‘try  of  llie  iiuhiii.  Tliis  iiiiiiri-ssive  volume  of  dnin  Ims  lieeii  nimly/.ed.  llusirelieiilly 
nnd  experiineiilnlly.  Iiy  Iwn  ltii»inn  niveslie  itor-i  Tin’  resnlls  of  lliis  work  lire 
quite  iiderestin-:.  in  Iml  they  nre  almost  loo  inlereslint;  siine  these  iiivisliynlors 
workinjj  iiide|ivndeiilly  liul  with  llu-  -miie  data  eeaeh  dilVerenI  loinliisioiis  nUnit  the 
luitacrc  of  the  liiimr  .•nrl'iue.  However,  they  do  iiirree  Ihiit  the  optiinl  heliiivior  of  the 
liuiur  surineO  raiillol  Is-  re|iiodilr(vl  ill  the  hilH>r;>tory  hy  ('rimnlar  ninlerinl  less  ihnii 
nhoiil  70-100  ill  si/e.  It  Would  n;>|s-ar  then  tliiil  •<  loose  »  imriieles  of  a  si/.e  .sinnU 
«'tioii;;li  to  1k'  nlTeeti'd  hy  v-leetrostnlie  lorees  eoiihl  at  hesl  eoiistiliile  only  a  siimll 
IK'reeiilnvte  of  (lie  lunar  .'oil  iiiiiteri.il. 

The  filial  <|iieslion  is  then  whether  the  iiiimih  is  eln  iro.ijiiii  ally  i  liiiroed.  The  answer 
here  .soein.s  lo  Iw  tlinl  it  is.  .\  eonsideriihle  ninoiinl  ol  work  has  heeii  done  loniaTllilig 
the  iiiiifriiitiide  of  this  ehiir;.:'’ .  The  he.'t  ri 'lilts  to  dale  ilninale  that  the  lunar  surfiue 
limy  Imve  a  pii'ilive  potential  of  •20-2.'i  vo!ls’‘.  11  one  e-es  these  vnhtes  and  isitisidrrs 
vvlint  the  vharye  density  over  the  liinnr  'iirlai-e  niiisl  hp  to  prodinr  sinli  a  imtentiid, 
it  is  found  flint  I'Veii  should  the  liinai  soil  eon-ist  only  of  jiiains  Moall  eiioiij:li  to  lie 
alTeetcd  l»y  elect rosl;. tie  i'oree.s.  Hie  perceiitnue  of  Mich  triniiis  which  could  iiaiiiilniii  n 
eliarne  nt  any  one  lime  le.ii-sl  iip  quite  .'iiiall.  It  can  he  concluded,  then,  thnt  as  far  ns 
enii  he  judoed  at  ine'cnt  i'  i.s  unlikely  llint  elect ro-la1  ie  clinijres  vonirihnto  sioiiiruniilly 
lo  soil  tmii'port  or  that  such  ehiiijces  are  the  eaiiM-  of  the  apparently  hi);li  liiuar 
.soil  jioiosity. 

The  .Mssiiid  eoinnieiit  l•olleerlls  tile  possihilily  ol  liiimr  siirtiiee  teiiiperiit 111 e  variations 
neliiif;  ns  n  iiieelund'iii  for  the  priHhulion  of  Ihe  liumr  .soil.  The  .■\iilhor,  in  his  ninthc- 
iniitical  Irealmeiit  of  lliernial  stre.s-es,  nsc.s  as  a  hoiiiidary  eoiitlitioii  the  idiservisl  lliuiir 
iiifrareil  toinperat me  chiinj;rs.  This  is  of  coar-e  iiieorreet.  The  Ihiiiinlary  eomlitioii 
wliieli  should  1h'  speeilied  is  the  lliix  .'iiiee  if  the  lunar  siirlnee  eoiisisled  of  .solid  roek 
tho  teiii|»»Taliirr  ehan;;os  ohseivnl  slimild  1h‘  nnieh  less  rapid  and  quite  likely  iiuieli 
siiniU  ill  iiinoniliido  than  presently  observed.  The  prohleiii  of  a  seini-intiiiile  iiiediuin 
with  the  flux  siieeitied  at  the  hniiiidniy  has  heen  'olved  hy  Jaeirer’''.  Should  Ihe  .\ntlior 
upply  tULs  Irenlmeiil  lo  hi.s  liierinal  slro'S  cahulations,  ho  is  likely  lo  liiul  that  the 
iiiiixiiaiiin  upper  ImuuoI  for  the  depth  to  whieli  llieinud  friutm iii^f  ciuild  oevur  is 
eonxidcruhly  le.ss  than  that  j'iveii. 

Aiioflier  proldem  involved  here  is  whe'her  the  IheoipMenlly  calcnlaled  llieriilnl 
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slrciiiics  An  Hffinilly  rcnlir-Oil  in  iIip  nwk.  A  niii-*iil<-ialilc  niinmiit  «f  work  ha.'*  liocii 
ilono  on  tJip  jirobli'in  ns  tii  wlK-tlior  llioniml  rrartiiriiis  is  a  factor  in  flip  Jncrijaiiicnl 
ilisniplion  of  nsks  at  (lie  trrrcslrinl  surfiicp  It  luss  Imh'h  shown  lhal  tlicminl 

frncinrinjr  ot  (tie  (crrcslrlnt  siirfm-p  is  unlikely.  Iiirliohsl  in  this  work  nrp  Mi^riincntnl 
•stuilios  4111  various  rtak  S4im|>l4“s.  TIic.m*  risk  snniiilcs  wen*  liciitnl  mjihlly  various 
torniicralnrcs  anil  then  iiluiisicil  iiilii  its*  water.  It  was  foiiinl  tiint  the  iion-«-rj>l:ilIiiio 
roek.s  eouM  willi.^lainl  sUi-li  trealnient  wilhoiit  any  iaii*ro>4s>jiHiilly  visitih*  i^janoe  even 
when  Iroateil  to  trnifienitirn's  'oniewhat  in  e.veess  4»f  2r>tf  t'.  The  polyery.slalh'ne  naks 
eoiihl  wilhslainl  si'.:iiitieaMll.v  lii}:lirr  heatinir  ti*in|»eratnr<*>.  It  I'aii  la?  shown  iheorrtinilly 
that  in  many  lax-s  liie  roik  'aiii|iles  slnuili]  liave  hriki'n  yet  they  illil  rn-r.  These 
risks  have  la  en  I'ornieit  li.v  eisilinii  I  nnn  an  iiiilialty  molten  slate  I  *=  ItSKf  ('). 
for  tin’  i>olyrryslalline  links,  (he  various  erysial.'  have  isinlraeleil  hy  ilitTen-nt  amounts 
leaving  Poek-  I'lnni  siili.ec|tieiil  lieatiiij'.  siinieieal  e.vjinlision  to  do-e  llll■se  ^ 

irajis  iiiii't  ineiir  hel'mc  the  Iheriiial  slressisi  ,aii  la*  re.ali/isl.  .\s  for  the  iii>n-i-rj-talliiic 
roiks,  the  aiisivei’  is  imt  'u  nhvioiis  Inil  it  may  lie  that  iiiiininerahh-  sniall  fraitiire.s, 
fiirinisl  ihirino  roolnio  iVniii  (lie  iiiell,  mav  e.M-l  in  llie  risk.  Dni'iiio  uity  suliseiiaeiit 
lieatin;'  these  also  tiiiisl  lie  ihiseil  lii-lore  the  llieniial  s|ri‘~sfs  «an  Ik*  realizisL 

One  liiiiil  |inihleiii  is  (he  iiossiliilily  ot  l'ali*.^ie  ironi  stress  eyilinir.  TliC  host 
e\)>eriliie(ilal  cesnlls  mi  l.•l(i•;lle  availiilile  aie  Ihosi*  hy  l!no*.i.s'^  lie  e.veleil  a  slah  of 
(.rranill*  over  a  lein|iera(iiie  r.iiioe  ol  ltd”  ('  rme^iih  iiinely  lhons;iiiil  (isiies.  .\l  ihe  einl 
Ilf  (his  liiiK*  (oiriosiiijiie  e.vaaiiiiat ion  sliouisl  no  •haieji-  in  the  s|ieeiiiien. 

Ill  nililition  to  (hi.s,  Tarr"  healeil  various  irran'le  s|Keiineiis  to  lemiaramres  as 
hi>;h  as  llKHI”  ('.  TIiom*  were  tlieii  i-oii!e<l,  hy  wali-r  or  air.  ami  the  eom|iressi»e  >lreiii>(h> 
iiieasiireil.  It  was  I'onml  that  np  to  a  leinperalare  somewlial  oreater  Iliad  'iVi'  no 
ileerease  in  .stn'n(:lli  over  lhal  at  d'  C  oeenrri'il.  In  fait  tin*  slieniilli  iiu  re.'i-ss!  •h'.’lilly. 

.\t  higher  healiii;;  (eni|ie)aUires,  a  ;;iaihi;i|  loss  in  stnni'lh  was  iioleil.  The  li..sylnnnii 
ll•mpe^^tllre  ehaiiycs  at  llie  lunar  snrl'aie  for  expo-. I  irraiiilie  nak  arc  likely  to  lie 
.sii'iiilieiiiiliy  less  (hail  'inO"  In  aihlilion,  lie  tiioisinri*  shmilil  Is*  present.  Ti  e  eircelf 
of  nioisliire  oil  eniisiil)'  I'alitfiu*  liiive  Ihth  eonsi.li tisI  hy  tiiiidxs ami  iTiarlis''. 

It  lainiiit  lie  lomimleil  (lint  ratiftne  iloes  not  i.iiiir  at  llie  lunar  sniTms*.  Ilowivir.  (he 
rffcieines  ijnoleil  imlii-ale  lliat  if  it  iha-s  it  niiisi  Is*  an  l•Mrl•nll•ly  slow  proiess. 

It  can  Ik*  eoiulmleit,  liiially,  tliat  it  is  i|inle  unlikely  ihennal  (Tarlnriie/  •ssii.l  iitiiy 

iniiell  of  a  role  in  the  proilm  lion  of  the  lunar  soil  ami  Ih.af  in  (in  llii  re  is  ii*»  ev  iileiiee 

vvliiiii  ilemonslrales  tliat  Ihirmal  fraiinriiie  will  i«siir  iiw'er  tlie  insolation  v.a riaiioiis 
exliint  at  the  linnir  siirlaeo. 

The  lliinl  emnincnl  inmerii'  raihir  nlleilion  Irom  ihe  liniar  siirlai-e.  TU*  .\iilhor 
.stales  (hat  retie. lions  appear  to  loim*  liaek  only  Irom  the  lenler  nl  Ihe  vi~.l.!e  ilisk 
aii'l  lhal  (he  nmmi  is  jierlerlly  smooih  at  radar  waveh  .'e.rihs.  .\s  for  llie  lir.sl  sia’ement. 
reeent  Work  has  shown  that  sionai  i.s  lelimieil  aviii  from  llie  liinhs  of  !la*  moon. 

All  iiilore.slini:  paper  in  this  ••e"aril  is  tliat  liy  la'a-lahniml  ’ Coineriiiie.r  ihe  sei-onil 

staleiiieiit,  lliere  is  a  eoiisiilerahU*  nmonnl  of  ilisaviris  inenl  a.s  to  what  li  e  radar 
relleeliiiiis  do  tell  Hs  ahmit  llw  lunar  suilnee.  Senior  ami  Siesel ’*  eonilnde  l!.;d  over 
InijjL*  areas  tin*  iiiooii  is  peileelly  sinoolh  at  radar  wavelenollis.  PaniiN'*  rs..miudcs 
that  the  surfine  is  poekmarkisl  willi  iiiiinmenihle  iralerjuis  mveiino  a  wiile  r.-.iiirc  ct 
iliaiiielers.  I’el I iinrill  '*  lomlmlrs  that  a  ieasenah!e  Ira.-lii  M  of  Ihe  snrfme  trU'i  liavc 
irreeularilies  •  oinjiaialile  In  lln*  waveleiielh  of  radar  at  Id  eiii.  l.eadiihrand  ’ '  4ssiiliidi*s 
that  the  iiiiMin  in  Ihe  viriiiil.v  of  the  eeiiler  of  the  voilde  disk  iiels  as  a  ipia si-sniool h 
relleet  *ir,  li'it  0  ln'liiivc-  iiinii'  likr  a  rnii'-'Ii  It  is  isisy  to  p  i1-t;  tliorc 

16  lio  imaiiiniily  ot  oj»inioii  lion*  mi  tluit  tho  inily  tiiiii:;  tlmt  uiu  Uc  (■ini4litiU''l  *‘l  tliid 


liuu!  U  lluit  oil  (iit-  "•  (ii  Uuuir  UM-tMixtiiitn,  |mni|tliniHing  Thomas  Gold, 

tlio  trrriiiii  is  T  I**  "f  tl'c  Siiliarn  •h*si*rt  tlinii  to  that  of  the  Italian  Alps. 

Tlio  I'liiirlli  is'Mi-orns  Itip  iiii);to  of  n‘|a»s<*  of  the  liiiinr  soil.  Tlic  Anthoi 

.'tiiti'.-i  iliiil  llio  rc|»ii><-  III  thp  lunar  soil  is  nhixit  Ii*.  However,  it  has  rpiite 

ileliniti’ly  lireii  I'viMTiaifiiially  aiul  visually,  tlinl  the  liiiiar  soil  remains  on  even 

the  very  stei'|)  fit/fif-'-'-  1  h"s  the  value  ol  Ii"  is  nelmilly  the  aveniBe  angle  at  which 
the  soil  reposes  :>n!-'le  of  n'|M>se. 

The  liflh  eoitiri/.‘'nl  I'oiuerris  the  (|Uestion  o|  hon  iiiiieli  e\|Mrs<sl  lurk  exists  at  the 
lunar  surface.  The'  'hites  that  the  tiiuar  iiiuhlaiuts  may  lie  ■  .sniaretl  clean  >  of 

any  dust  isivor.  Thi'"  •'  refutisl  liy  all  availalde  evidenis*.  Thu*  evidence  includes  the 
infrared,  iuicidwa\'^'.'  phofoiuctrii-  and  riiilar  rellei-tiou  result.^ 

'flu-  final  (oiiti/'cMt  i-oiiierns  lla-  i|iiesliou  of  eosiuie  dust  «infnll>.  The  Author 
pictures  this  as  seiiliie.;  luito  the  lunar  surface,  lloivever,  it  winild  appear 

unlikely  lliat  the  "f  these  particles  in  spais-  n'Inlive  to  the  liMain  is  small. 

Ill  iimsi  cases  it  i'S'Udd  !«•  cvpcctisl  llial  this  lelative  velivity  tiaiu.-ssl  hy  terrestrial, 
lunar  and  cosmic  ni.-tii.u  in  space  and  hy  the  i;ravilationiil  fic-hls  of  the  eiirlli 

mid  nioiiii)  would  l.v'/j'iiie  los:li.  possildy  well  into  the  liyperveliaily  nsalm  t>(l-7  kiu/see 
for  iiiipacl  upon  fiek).  The  only  I'lasoii  sinall  particics  may  «  drift  >  down  to  the 
terrestrial  suifaie  1^  •'  rctiirdiie.r  alinosphcre  is  piess-nl.  Now,  it  is  certainly  true 

Hull  Stull  siiiiill  (i.Vt'i'lcs  ;i.  must  comprise  the  eosiuic  diist  will  lie  afTretisl  hy  nny 
eleciroslalic  licMs-  f  s'istim:  .•iroiiiid  the  iikhui.  lint  it  is  hard  to  l>elirve,  particularly  if 
the  initial  rclatiW'  v'l  l"ciiy  is  Idifli,  ilial  siuli  particles  would  lie  slowctl  to  the  extent 
that  they  «  drift  -  liu" ii  to  i|,e  lumtr  surface. 
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N.  A.  WEIL.  ■■  The  .\utlior  wishes  lo  express,  liisl  of  all,  hi.s  .ippris-iaiioii  for 
tlic  iiilere.'limr  ami  ciiliuhlrulu"  couuiieiils  iieide  hy  Hr.  Kyaii  lo  the  JwjM-r  on  the 
prohahle  sUlfiuc  r-  iuilil ions  on  plaiielary  liodirs.  .'siuee  Hr.  Kyan’s  rianineiit.s  arc 
peilinent  to  Iniiaf  y.oiisidcr.ilioiis  oidv,  llie  closing  sintement.s  of  the  .Xiilhor  will  Imj 
icsiricicd  to  this  liV/.'H- 
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oHitrn>>«li'j*  :44HiH‘  iuronimlMMi  nm  this  siiUj«'rt  wiilmiil,  linwovcr,  soltliiij,'  flic 

arvriiiiioiit.H  itiiifcniiii;;  tliU  |Hiiiit.  Ciilit  nntrc  is  !cai'ii<s|  alKiiil  (liis  ifi-m,  i-illuT  Jiy 
‘  arc  fully  ismlrolUsI  uiMilituitil  i'x|M*riiiiciits  a>r  liy  iliilii  Iclt'iiiiii'n'it  liin'k  liy  liiiinr  latidiiifr 
.salrllitr-s  luiist  assiimt*  lluit  idnlnislali*'  Hianriiii:  nf  siimll  imi'lirlcs  inny  iuntriliiitc 
to  tlicir  nii)liitity  on  Ihr  liiiinr  surfai-r. 

Tlio  iUs«-iis:sir  siicj;«‘sts  lluif  IIm*  Aiilloar's  Mji|>r4Mii-li  fti  llic  I iriilnicnt  of  tiu'niiiil 
slmssi>s  ill  tlio  Innnr  «-nisl,  l»y  nH'iiiis  «l'  itsiit}'  kiinwn  sarliirc  lriii|«Taliircs  as  flic 
ho(in«lnr>‘  Vafin's,  is  iii(sirn'**l;  iiistrnil.  Dr.  Il>nn  ailviK-aii-s  flic  it'i'  ''f  the  s<iJar  Ihix 
as  flic  «->irrts-t  iMinmlary  <-t>ii<iili>iii  to  hi*  il~is1  in  llirniial  •  ali  iilal inii'*.  Tins  .'iipi^asfioti 
is  s|inriiiiis  and  piMirly  ili>tinoil.  Wliili*  linx  noihl  Ik*  iisid  as  nil  iliilii'ci'l  iinlii-ation  of 
iMiiiiidary  nniditions,  siirh  <s>iild  he  doiu*  only  if  one  kiirvv  la)  lln*  lolai  llnx  nf  xilar 
oiu'nry  nidiatisl,  (h)  tin*  |Hirti*'.t  of  this  flux  tlial  is  liiriusl  inln  lM•af  ciiiTuy  u|><iii 
iiiipin};i*im*ul  mi  flu*  lunar  .siirfais*,  (<-)  llir  n*llis'tivity  ainl  I'liiissivity  of  tin*  lunar 
.siirr!n*<'.  id)  tin*  rrmiliiilioii  fr»im  the  snrfni-c*  into  spai-o.  In  aiMilioii,  sinli  an  a|>)>nincli 
tv'oiild  liav  io  lake  into  tuioiinl  the  iii<-i<l<*nl  nn,;h‘  of  railiaiit  rlii'i'i^y. 

Of  the  i|nostions  |ios<'d  iilHive.  only  |n)  and  (<l)  is  known  willi  any  decree  of 
eertainty.  Tims,  the  total  sidar  eiienry  nolinled  is  nlmni  141)0  wa'ls/m-  and,  lor 
remdinlion  ])iir|H>s<*s,  s]in<-e  i-nn  l>e  assittocd  to  Ik*  n  Idai'k  lanly  al  a  leia|H'ratare  of 
0.2"  K.  The  other  i|ae.‘ii*ii;;  an*  not  l.ieiw  xvilli  any  dicreo  ol'  I’l'ilaiiily.  Moreover, 
while  (la*  diseii.vsor  does  not  define  the  type  of  flii.\  he  luis  in  iniinl,  a  ■  iMTei  t  applieiition 
of  his  tnaindnry  <’oniiilioas  ain.st  lead  to  the  some  answers  for  .siih  siirfaec  lenipenlures 
as  ihosi*  ohtuiinsl  from  surfnee  tpni|ienit tin's  ns  laaindiiry  vulne.s. 

The  lunar- -siirfuiv  teiiiiK'nilnres.  on  tlie  other  liaiid.  are  kinnvii  willi  a  orent  deal 
of  eorlaiuty  from  oli.-erieil  infransl  mea.sumneiils;  Ki"  .*>  sliows  Ihc  teinperalnre 
v.arialioii  e.NperieinssI  over  <ine-linlf  .a  Innnr  day  at  the  s-.;l;:ailar  point.  This  Mirl'aee 
leniperalure,  if  repn*si*nled  ns  nii  aiinlytiinl  riiiielioii,  is  the  ilin-el  iiiid  eorreel  lH>nndary 
eondilion  that  .shoiihl  Ik*  apjdiisl  to  the  ealeiilntioii  of  .snltsurfare  ll■lll|'eralllre.  As  .staled 
in  the  paper,  the  real  aneerlainties  in  nvnrd  to  this  f|ne.'lioii  are  posesl  hy  the 
deplhwisi*  viuialion  of  theriaal  dilTu.sivity  in  llie  Innnr  soil. 

As  eoneerns  the  ea.s<*  of  faliciu*  of  Iiiiinr  pmUs  tine  to  llieriiial  stress  eyelinc. 
evidetue  iiMiilahle  tt>  tlalc  is  iiisiitlieiciit  to  est.Thhsh  lirnily  the  inllileiae  llial  lliis  elTeel 
might  have  hail  in  tlegnnliiig  sarfuts*  roek.s.  However,  the  eviileiiie  filed  li\  the  tlisi-.issor 
is  iiot  tlireelly  npjdiealde  to  this  prolilom;  tlins,  Tnrr'.s  work  (di'iiissor's  rt  lVniue  D) 
eafniletl  n  .single  thennal  eyele,  while  flreg’gs’  Pape’s  (distn — or’s  ll•fel'enee  V2)  reports 
on  ti*sls  of  lip  111  5)  X  to*  eyeles  over  o  lein|K*rntnre  range  oi  lit!"  t\  In  vonlnist.  Innnr 
rtM'ks  experieiive  a  teniperattire  r.ange  i>f  niKmt  ’il'O”  (’  at  the  siili»o!iii  j.oint.  having 
l>een  extiosetl  to  this  eyriing  t>ver  .some  M  X  10'®  teinperal’ire  revi'i'snls. 

Some  light  eiin  be*  sheil  on  this  (piestion  hy  tin-  work  of  Collin  Man.son 
Swindemnn  ainl  Poii’glns and  .Major',  wlni  have  .salisfaeiorily  esliildishetl  that  llierinni 
eviliag  eiiii  he  rensonnlily  represeiilcsl  hy  nushanieal  faligne  eolnlilflcd  al  tlie  nionli 
vnhic  of  the  temjK*raliire  range  and  employing  a  stress  range  idi'lllifiil  In  liie  thennal 
slres-ses.  .\t  eoiaidelely  n*slraiiusl  thcmini  e\p.nisioii,  jiiul  for  values  of  K  ami  v  as 
.sliowii  in  Tahh*  111  of  the  text,  this  uoidtl  eull  for  incehanieal  eyvllng  of  lejireseiilalive 
hilmr  roeks  with  a  slrrs.s  range  of  111,500  p.si  at  a  leiajieralure  of  O'  !■’  over  a  iniiiiiimiii 
i>f  10'  eyeles  repieseiilalive  of  the  entlnranee  limit  of  materials,  .Mllioiigh  to  ilnic  no 
tatigne  Work  has  iM-ell  earried  out  on  tdlegeilly  hriltle  laaterlals,  >in  l:  wurk  will  .shortly 
lie  in  jirogre.ss,  at  least  on  single  and  jmly-rryslals  of  .MgO  iiinl  .\I..O-,  on  n  hroad 
progntiii  dealing  with  tlio  fiiiidameiit.'ils  of  hiiltle  fraelnro  in  eeniiaif  materials*. 

The  ili.seit.ssor’s  tsnameiits  in  ngnr.l  to  revent  jnogress  on  liidiir  rclloition  obser¬ 
vations  front  the  lunar  .surfnee  are  vahtahle.  Tlie  priiieipal  refenl  eontrihiilion  in  this 
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rrpiril  U  thit  «»f  IxraiUhmin).  who  slmws  that  itiiisiiU'nihlL<  rcnc<tiini  takes  pinoo  from 
tho  Hliilta  4>t‘  tl»  waw.  a1lhiiii);ti  in  the  viriiiity  of  the  coiitrr  of  the  visible  disk  tho 
nUMin  aWa  as  a  saaailh  n-ths-lor.  In  this  regard  it  slamid  lie  t niisidcrcd  that  tlic  lunar 
Mirfnis*  rtintains  naany  im-oalarities,  the  iimM  ulivinus  of  these  lieiiig  the  emters,  some 
of  whirh  are  visiMr  wilh  the  iinkisl  eye.  If  the  Mirfai-e  is  smooth  at  the  10  ein 
naieU'iigtli  of  ratliu  waves,  hat  isintaiii.s  rtnigi|iics>  .~ii  larger  (li.stnnees,  siieh  a  eondilion 
w'liiihl  .still  appear  a.s  a  suiiHilh  Mirlaie  at  radio  w:i\e  lengths  under  iinrnml  inridence. 
At  ol.lii|iU‘  iiii-iik'nr«'.  lM«wevrr.  surfnee  irnitidarities  woutd  tieconie  foreshortened  propor¬ 
tionally  to  the  .sinr  of  the  iiKiih-nt  angle.  IVlicn  this  angle  beeoiiKs  sinnll  enough,  tho 
larger  .ssaite  siirfaee  roi.glitus-  will  bi-gm  to  .show  up  even  at  tlip  wave-length  of  radio 
waves.  This  plienunwfion  will  hetoiiie  most  proiioiiiKed  at  gra/ing  imiilenee,  tlial  is, 
near  the  limbs  uf  llie  nvHin. 

I^i-adahrund’s  oh-erv.iti*>as  thus  only  add  support  to  the  jiiitiirc  of  the  lunar 
.snrfaeo  pre.sentrsl  in  tlio  text.  Kven  llioiigli  the  most  promiamed  irater  eliain  happens 
to  eiit  diagonally  arr>&>  tlie  visible  fair  of  the  niiMia.  radar  rellei-lions  from  tlie  i-entcr 
of  the  disk  still  indn-ate  ii  smiimiIIi  siirlaee.  Thiis.  the  surface  imist  he  iissiimcd  to  ho 
sauHilh  at  the  10  rtn  ssalc,  with  tiinh  relleelioiis  of  rnilio  waves  traicahlo  to  the  gros.sei 
siirtiiec  irrignhirities  of  the  hinar  terrain. 

Tlie  In.st  tsmiiuent  of  the  disriissor,  discoursing  on  tlie  sniiposi-il  -tntement  of  tho 
Anllior  (-(aus'niilig  the  « slow  sr-ilh-meiit  >  of  galactic  ilust  on  the  hirinr  surface,  is 
soinewlint  imr/Iiug:  a  mrelid  rereading  did  not  turn  up  any  siuh  staleinent  made  ill 
the  te.xl.  If  «  slow  »  was  iafernsi  at  iniy  place,  sneli  referred  to  a  1inie-wi.se  blow 
accuniulnlioii  of  gahotie  du-t;  a.s  the  t«-.\l  .show's,  this  mny  have  ninimnled  to  n  solid 
layer  of  only  '2  mm  in  depth  over  n  siijiii  of  7  X  lb’  years.  Monnver,  it  is  well  known 
tliat  the  avenige  .sjnssl  of  laieroineteorilr-.s  may  range  alioni  lUl.OOO  fl/si-e;  fnrihermore, 
the  idi.se'tur  of  a  lunar  utnmsphere,  and  il.s  iorres|>onding  drag  force-  was  pointisl  up 
ill  Ser-tioii  H  (e)  of  the  le.vl,  under  the  diseiission  of  .Meritic  Coinposii ion.  Therefore, 
the  diseiisser’s  isaiiroi  ips  on  <  drift  >  in  tin-  lerresirini  nliiK-spliere,  and  «  slow  .settling  > 
on  lunnr  snriaer.  whih  diverting,  iipi'.ear  to  laiYt-  little  reoilion  to  the  suhjis-ts 
dis(Us.sed  in  the  imjkt. 
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a)  .\riiioar  l{ese.nrrh  f-’iiasiilioM,  «  Stiolie.s  ,,ii  ilie  I'nnilaincroal  Kaclur.s  Atrectiiig  the 
ttrillle  Itchavi'tf  of  t’craiiiicsi,  in  progre.--  under  ilirt-ctiun  of  X,  A.  Weil  on 
t.'oniruel  No.  .MT.it(ri|ii)-7ft’M. 


J.  A.  RYAN.  —  Tlie  .Xiithor  has  made  a  nniuher  of  iiilei'esting  eoinnieiits  ’  on 
tins  w  riter's  )in|ior  -  wldcli  ilcserve  discussion.  I  I.e  discn  -loiis  will  lollow  liie  order 
in  w'liieli  the  eomnieiil'  were  pre-enled  liy  the  .Vnllior. 

The  first  (niiiuiieiil  eiiineriis  the  i-lTeel  of  a  vainnin  on  the  internid  friction. 
.\s  .sinleil  hy  the  writer-,  the  presence  of  n  vacunm  wdl  not  iiei  e.ssa  rily  incren-e  the 
inl<-riml  frielioii.  Kalhcr,  it  will  iiicreiise  the  niechniiical  friction.  Whether  or  not  this 
will  iniisr  the  iiileriml  friclioii  to  increase  will  deiieinl  upon  the  ilTeet  of  inirensi-d 
iiieelmoicid  frielioii  on  the  .soil  porosity. 

The  second  nmimi;it  iiaieerns  the  lunar  soil  porosity.  It  was  not  stated  in  the 
paper  -  llnit  the  hiiiar  -siil  ponisily  is  HO'j-  llalliiT.  it  was  sngge  led  that,  since  radar 
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rpflcetion  rosiiKs  iihlUutv  r  90%  pnruMly  nml  >t5n<T  there  nre  pniriviscs  artin^  at  the 
lunar  surfai-e  tvliirli  inny  cniisr  n  liif;li  |xirw.<ity,  tliis  |H>ssi)>iljty  .-IkhiM  be  ennsHlemL 
Til  the  exlreme  ease  where  the  snil  ittiisists  of  miiterinl  Hint  ciin  fohl-wrJd  in  vacuo, 
or  ivlierc  the  soil  is  i-«*meiife<I,  nlmo>l  niiy  |Miro.sity  wniihl  tlieoretiinlly  lie  pos-silile. 
Kveii  if,  ns  is  likely,  the  soil  is  only  |>:irtinlly  irinenteil  iiinl  the  ni<‘chnnical  friHioo 
goiicnilly  iiisiillieiont  to  eiiiise  uehliii-;.  tSie  luhrilioniil  |irr.seiice  of  ii  nsliiceil  f^vilational 
forec  innkos  it  hiiril  to  helieve  Hint  n  liiiinr  soil  )M>ro.sity  of  90  %  is  not  possible. 
As  for  the  Author's  slnteiiieiit  llinl  «  ihe  itiiixiiiiiiiii  |Mirosity  the  lunar  soil  nuir  Lave 
is  that  <sirn‘s|Miiiiliii.ir  lo  the  iiiHlistiirlHsI  M'ltleineiil  of  |i:irf ides  »,  >siniinriils  ronceniiii;' 
the  likelihiMxl  of  iinili'liiibril  selllnnciii  linve  Ims'Ii  niiole  |>revioiisly 

The  third  roiiiiiieiit  ■■oioeriis  the  etTis'ls  of  nidinlioii  mid  meteorite  irn|>.H'l  n|Kin 
.soil  frmiii  shn|ie.  .\s  for  Ihe  elTeel  of  r.idintioji,  the  Author  hiis  piveii  nn  iiiisHii|ilele, 
lieiK-e  loislendiii,".  (|i|oliittoii  I'roiii  the  writi-r’s  |iii|>er.  The  roin)ilete  stiilenieilt  rtsols. 
«  mdinlioii  should  Iriid  !<•  iislme  omiii  mioiihirily  by  erosion  of  the  gniiii  .surfaces, 
but  lit  the  .sniiie  lime  it  woiihl  Ih‘  i-\|«s-ted  tliol  iiiiy  diisllike  mnterini  lirmlius'd  by  this 
mdinlioii  would  itself  be  .-ui;:uhir  ».  I'urlliei,  iiolintioii  is  not  a  «  fr.u  tiirc  iiic<'lianisar> 
ns  siu-li.  The  eiideiue  showiiiu  that  r.'idi:itioii  eonld  ml  ns  i\  soil  |iri><1ui'!uo  nusli.niisiii 
isiiiies  pi  iiiinrily  from  studies  of  lie*  meinmii  t  miiieinls.  1'hese  me  iiiinernls  which  luive 
been  ex)i<ised  to  nntiirnl  rnilionctivity  4>%4t  loii;r  liei'iods  of  time  niid  ns  n  result  have 
hist  nil  veslioes  of  cryslnl  .slriictiire.  In  nddilioii,  ihey  linve  lost  most  of  their  iii(em.-il 
sirenpth.  in  some  cns4's  to  the  dcor,-,-  Ibnl  tlic>  disiiilceinle  into  ii  I'owdcr.  If  mdiaiioii 
IS  to  net  ns  a  dii^l  formin''  mecli.'iiii'in  nl  the  luunr  snil'nce  It  will  In'  tliroU;;h  rufa- 
iilidirnlioti  Midi  ns  discrilied  here  and  not  Ihioi.^li  rnicliire  of  crystalline  irniin.s. 
The  jirodiids  of  siu-li  loci n mid i/nl ion  would  lend  to  he  nii;;iil.ir.  However,  if  the 
niiiuuiit  of  mdiation  dnum>;e  dccicasis  with  dejilli  lidow  the  Kiniu  '>r  rin-k  siirl’ai’e, 
then  this  rndintioii  dmiuiKe  could  cmiM'  slow  surlmo  erosion,  rcsultiiui  in  a  reiluction 
of  niiyularily  for  the  |inieiil  grain.  S|Milleriug  cnii  nlso  m  t  to  reduce  i;riiiii  niigillariiy 
through  grain  surface  erosion. 

(tiilr  n  lirief  couiiueuf  needs  to  lie  made  conci  riiiiig  the  elVecI  of  iiiebsirite  iinpact 
oil  grain  shniie.  There  is  no  nitcslioii  iliat  malerial  mechnuii  ally  di-riiiiteil  hy  liuii.act 
will  tend  lo  he  <|uile  iiiigiilar.  .\s  for  vajiori/.cd  or  liijiidied  matcriid.  this  eoiild  only 
form  s|ihericid  grains  if  if  soliditied  juior  to  dejmsitiou  mid  it  the  vi  lodly  at  which 
lluse  grains  iiu|>aci  the  surface  is  lidow  ilmt  at  uliidi  lomiuiiiiitioii  tan  is  ciir.  Ir  cannot 
Ik*  isindudod  ul  this  lime  whnf  |icrcciil!ige  of  sjilicrical  grains  may  exist  iit  the  Jiiimr 
siirfneo.  However,  it  would  seem  to  lids  writer  that  the  jurceiitage  would  be  .small. 

Ilie  foiii'lli  mid  Iasi  eoiiimeiil  ci.|i.,rns  Ihe  lunar  soil  gijda  size.  The  dassiliculioil 
ii-seil  hy  the  .\uthor  (smni  *>  2.lt  O.t'i!  iiim)  is,  of  collide,  llip  M.I.T.  dassitii-iiliiui. 
The  rlassilicaliou  umi!  Iiy  the  writer  is  the  IbiM'.iu  of  ,^.jlls  Cla-silicaTioa.  Fine  s.and. 
in  this  elnssiru iiliou,  is  deliiied  ns  e>iiisi .ling  luimardy  of  griiiiis  in  the  size  range 
O.'J.a-O.l  Him.  This  clavsilh-al ion  liiis  his-n  ir-eil  since  llie  writer  helievcs  it  lo  ciirres|Mirnl 
roughly  to  the  si/e  rmige,  for  the  iiiuTii'-olidalcd  )iorliou  of  tlir  snrfme,  into  whltli 
the  greiiler  jierceiilage  of  lunar  >oj|  'jraiiis  Inii.  The  Aullior,  however.  Im’IIiwis;  tI.c 
>;niio.s  vtiii  iie  iiiitcii  siimiier  llimi  tins.  I'omiiicnis  (om-eruiug  this  jioiiil  are  coiitaiiieil 
ill  the  presi-iit  writer's  di'eiissioii  ’  iif  ihe  .Nulhor's  pajier 
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2)  Kyan  J.  A.  S*Hnt>  itrrflrrlrrmft  as  fo  f^^•  aafuiv  ami  l>rhav;or  of  thr  luoar  soila. 
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-))  Weil  N.  A.  I'rolinlili*  >iiil  riuulitioiis  on  tlip  niiain  nnil  tprrpslrial  |ilanpt:s.  1st  latnrnnt. 
•  'iiiif.  on  ihi"  Mcs-h.  Ill"  SoilA  I'liipli-  Sysiptii*,  Turin  (Italy),  l!H>l. 


H,  a.  BCKKER.  -  TIk-  sinrri  linn*  nlnttpil  to  this  ilisiois<ion  prfvrnts  nw  from 
iniiitiiciiliiit;  oil  Dr.  Itynu’s  mul  'W'cirs  nui.irks  roiurniin;;  liiiinr  stiils.  I  woalil  like, 
lioWfviT  to  rout riliiilc  to  liu‘  ilisriissii.n  liy  rijHirtinsr  to  this  isiiiferfuiti  some  detnils 
H'o;! nlluo  llu*  |Mi''ililc  luiiliric  si>.(*  ilisirilnition  of  Iniinr  soils. 
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<1:  Sun  I’aolo  Sniul  (I'rii/ili;  7:  Ciii'o  i'imI  Suiul  (('.S  A.i:  -M.i'on  Saii'l  lOiar,  liciruii, 

I’.S.A.i:  !•:  I’liliiiri*,  ;;r3-lo  u  ((!.XI..  I'.S.A.);  HI;  r|i|HT  Sili'in  .‘^aiol  ( I'olauil) ; 

II;  t'osii'.ii'  l>u>l  (l)iirl). 


I’riilc-sor  rirovMi  ol  fi'lilor'.ii.i  Iiisl.liili'  of  Tnliiioli-try  ?:;is  roi-rully  i.iilili'lusl  a 
|>a|  iT  in  wliirli  he  coiinsirril  tlio  size  ili-lriluiliuns  of  imlisirs  aiul  ;i.steriii(!s.  lie  liuiiul 
(liitf  ris)ic(l iv<'  l'riH|i:riny  <]is|iiliiilioii  curves  ;irc  siinilur,  ;iji'l  suuixeslcil  tliiil  tlii-re  iiuiy 
lie  II  iiiiiversjil  eosi'iie  law  wliidi  sliii|u-s  llu'sc  runes. 

I’rufi-.'-'or  Uruivii's  curves  liiive  liccii  ti’|i:iiili'il  li\  tlic  l-iiiil  Moliility  (.aliomlory 
of  (iciicriil  .Motors  Curi'oralioii;  o;:  llic  .siiiie  :^i;iji!i  we  ImVc  jilolltsl  jiarlicle  siw* 
flislriliiltioii  of  (iniileil  tcrri'slrinl  soils,  ns  slmwii  on  tlie  sl:<Ie.  In  this  iii.aiiner,  WO 
jiioiIiicihI  coiii|iiir:iliie  ciines  )icrt.ru!ir.ic  to  llie  ilisl riluil ion  of  ilie  i-elcstini  Inulii’s  Imvinir 
n  few  kilometers,  ami  tii.-s  soil  .;rnins  li.niinr  n  few  microns  in  ilianieler. 

Tlie  siiiiiliirily  of  llu-s.-  i-iimcs  is  slrikiiij;  .iinl  fiirllnr  siis;o,-s(s  tin*  exisicm-e  of  a 
It  uiiivcisal  »  law  ns  |iro|io'Cil  liy  Professor  llnwni. 

The  imornilisl  soils  5  ami  10  as  shown  «iii  our  yrajili  have  ililfereut  ilisl rihiilioos. 
This  iiiilicatcs  that  the  fones  that  tern!  to  elniiiiiiile  Hie  c.'vtrvnie  sizes  on  Im'IIi  erii's 
of  the  curvo  tliirini;  Ihe  "r.ulinir  jiro.-css  are  iinh-iu-iolciil  of  the  cnvironuu  iit  of  their 
o|icriitioii. 
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Wlmt  n(»«r  mniiius  to  he  iliNie  w  l«  hmitr  ■  fw  |M>ints  of  liiiinr  soil  tlt^irihiiiion, 
if  tlicro  is  such  u  thinji  i>u  the  iimhio.  The  oiu*  is>nM  i»n)hiihly  siitVly  nssiiinr  the  slm|)e 
of  the  oiin'c  siinilnr  tu  Hint  ftir  nit'letirs,  ii>ifn>itls  niul  ^niilnl  soils. 

Mny  I  iiolo,  ns  n  rnri<xily  tlml  |uiili<'le  size  ilLslrihiitioii  of  iniinifc  which  we  use 
ill  the  (.niiil  Mobility  l•ulM•^at«>Iy'  (riir\'e  ft)  hns  hy  n  slniiijfp  coiilciilein-e  nhiiost  tlic 
snnie  sIiii|h<  of  ilistriliiitimt  rtirw  nl  that  of  the  ntrlrtiiw. 

J.  J.  MURRAY.  —  If  a  si*;iiifiriiiit  <liist  layer  ruvi-ns)  the  Iniiiir  sttrfncc,  then 
iiirteoiilo  iiii|>!ict  shmilil  have  ijiven  rise  to  tlnst  rintis  in  orliil  nlmut  the  iiiimhi.  Sim-o 
no  .siicli  liiijrs  jiix>  «ilis«-nnl>U-  woiii<)  it  not  :i|>)a-:ir  that  tin*  .-iirfaie  nni-t  In-  cssen- 
tinlly  .soUil? 

J.  A.  RYAN.  —  (  am  not  .•.nlhi-icnlly  fauiilinr  with  the  tlyiiiiniics  of  )itij» 
loi'iiiiitioii  to  lie  nlile  to  sny  wlmt  |wns-iit:i;:e  of  I  hi'  iiuilcriiil  ilisni|itei|  hy  iiiijiai-t  could 
Ciller  a  chistsi  liuiiir  orliit  nor  liow  sinhic  such  urliits  iiii;;lil  Iw.  I  wi.iihl,  however,  feud 
to  lictieve  (lint  the  aiiioiiiit  in  orhit  nt  nny  one  time  woiili)  In*  small. 

As  for  llie  surface  lieiiij;  c>'C-nliully  solid,  niul  I  i>rcsniiie  you  uiciiii  the  exiuisure 
of  Imre  nak  at  the  siirfai-e,  all  the  c.\|ieriiuculiil  evidence  ilulii all's  that  little  or  lio 
siu  li  rock  is  cx|iose(l. 

E.  BAIBEL.  —  I  would  like  to  sny  n  few  wonis  iihout  the  fnictiire  of  hritlle 
nialerinls,  Tlicre  liavt'  Iws'ii  two  |>oints  of  view  pri-siulisl  here  ou  the  tialuic  of  fnidure 
as  it  iuij;hl  or  iiiij:ht  uol  have  arisen  from  thermal  aelioii.  Now,  tcsiiuo  n  roek  or' 
(estlii'j  n  jjhissy  sulistauce  on  a  small  scale  Ims  rehitively  lillle,  in  fact  almost  nolhiu);, 
lo  do  with  its  lu'luivioiir  ill  a  larye  nmss.  The  fracture  of  jrhissy  niuteiiuls  on  rocks,  or 
for  thnt  mailer  most  hriltle  snlist.-mces,  is  a  luattcr  of  ihe  iunirrfeclions  or  the  stress 
rai'.ers  lhat  exist  iu  thesi'  materials.  .\nd  i-erlainly  there  must  he,  in  the  rm-ky  slruetiiro 
of  the  moon.  Iiiltioiis  and  liillions  of  lliesi'  im|H'rfeclioiis.  No  mutter  how  smu!l  the 
luoliou  may  Im'.  wliether  it  lie  due  to  Iherinal  sili-ssi's,  whether  it  l>o  due  to  tiilal  ncliun 
Ilf  the  bull,  or  vilimlioits  of  one  sort  or  another  thesi'  eli'iuelils  of  risks  are  ;;oiiip  lo  he 
stic'sed  111  fniipue,  and  sooiwr  or  later.  I  would  say  that  it  is  almost  certain,  fractures 
will  iivcur. 

J.  A.  RYAN,  —  The  diffeii'iicc  liclwi-eii  Dr.  Weil’s  o|<iuioii  aiol  my  own  eouceriis 
Hie  depri'-  to  wliidi  Iherioal  fniclurinp  Ifroin  vaiialloiis  iu  lns,i',:ilio:i)  can  occur  nud 
enu  act  IIS  u  soil  luiiiluciu'j  iiiidiauisiii  .it  the  lumir  ••urliuc.  1  n-rtiiiulx  cannot  (irove 
tlmt  tluTiiinl  fruduriiip  dm-s  uiit  iss-nr,  hut  I  do  not  hdicM'  it  coiitd  iMciir  to  llie  depree 
|iiisl  iilutcil  liy  Dr.  Weil. 

As  fur  fini  lures  exisliie.:  on  the  lunar  -iirface.  this  is  ccrlaiidy  Ihe  case.  Oli'iTvuliou 
of  llic  moon  has  stiow  u  llic  cxisli  lus'  of  many  such  frarluii's.  .'''iiuv  Ihe  uumiii  at  one 
liiiu'  was  do.scr  to  the  Karth  'lia:i  il  is  at  jncsi-iil  it  iituy  Ik*  Ih  it  llu-so  were  lonncd 
tiy  till'  iucrciiscd  tidal  ludl.  It  has  Ins'ii  postiiluled  that  oil  ii  small  scale  tlii'low  that 
w’liidi  cun  he  seen  Ihrouph  the  teli -a  ojic)  iiiuiu>i>'ralilc  fradiircs  may  c.vist.  I  would  not 
lie  sm'|iriscd  if  this  is  .so.  However,  even  if  .soiar  of  tlu'si'  wcii'  of  tluiimil  oriyiu,  which 
1  iloiitit,  tlicre  is  11  h'.^  slc|i  iiiv>ili«-d  Im'Iwcci  'ayiii'.;  Ilial  such  fracluri's  arc  jiresciit  and 
saiiiip  lliiil  lliis  is  a  s,id  |irodiicii:i;  iiic' liaui'Ui.  .\  coiisidei aide  >i/i'  diiVcieiicc  is  iuvoivcil. 

W,  J.  'rURNBUliL.  —  The  jsaiu'rs  In  Mi  sses.  Ityau  mid  Weil  are  vi-ry  iuteicslinp, 
and  juii liculiirly  iiili'ii’sliu;'  was  the  livily  discii-sdoii  heiiveeu  Hie  two  .\ull:ors  lollowinp 
Hu'  |ii psi  iiliil ion  of  tlu'ir  junH  rs.  This  ili.-.i  as.ioii  left  lillte  rooiii  and  need  for  disi  us.siou 
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by  lb«*  iMiiu*t  h<nrcTor,  it  is  iWirtit  t<*  iiuikc  n  few  eominents,  espocinlty  with 

res|te<‘t  to  |uris>ilile  helmvior  of  liiiinr  soils. 

A  liH>st  »'tilii|>n'ln’tisiYc  Iki-ahm-nt  4if  tlic  elTwts  of  i)iTs>ure,  lempeniliire,  rndiotioii, 
mill  pnivitv  i'll  *l‘e  Ix-ariii!;  and  slivarin-'  strengths  of  liiiinr  dusts  is  fnimd  in  the 
|Ki|K*rs  Messr*!  Itvnii  and  Weit  |iri‘|i:ir4s)  tor  this  llll■l‘lillg.  Ityiiii  sliites  Hint  the  not 
i-llis-l  of  vni'illilll  isnidilions  on  tiiiinr  dost  may  i-niisi-  litUi'  rliniigr  in  iiitcniiil  friction 
ami  tliai  Ihi-  rllists  of  lunar  gravity  wmild  divn-ns4‘  the  iidernnl  friction.  It  would 
uiiiH-ur  tlien  iliiH  'lie  inti-nii:!  friction  of  the  liiiinr  soils  would  lie  loss  I  linn  fimt  of 
<silH*sionlcss  ti'tTi-strml  soils.  Ilo  stales  lhat  this  would  isTlninly  lie  ‘lie  cnsC  if  tlio 
lunar  soil  |Hiro»ity  is  as  un-at  as  *10  lu-r  cent,  llowcxer,  if  due  lo  Hie  elTect  of  iiielcoritic 
imimet  Hie  jiofo-ily  Ls  imt  luur-li  vn-ater  than  that  o'f  coliisioiilcss  letresirinl  soils,  or 
if  <viueiiluti(ilt  is  lireseiit.  the  inteninl  fiidioii  of  liiiiiir  soils  iiiny  well  lie  greater  than 
that  of  such  lelTestrinl  .soils,  Itynii  eoiicludes  that  the  dcleiiuiiiiitiiin  of  wlihh  cnsc  is 
more  likelv  await  o.T|MTiiiioiit;il  data  on  .soils  in  vin  uo  niid  dnlii  coiiceriiiiig  lunar 

soil  jHirosilv,  II.Mui  does  not  isaisider  jiossilde  las  niiarilies  ol  soil  structure  resulting 
from  iii-vncilo  ilcjiosilioti,  or  |asidiaritie-;  in  grnin  slin]>e  or  siriiclurc.  If  eveiituall.v 
we  find  Hi:il  lillliir  .'oils  have  |H>rosilies  i'.|i|iio:i< liiiig  !i0  |>(  r  cent,  due  to  I'ailiclo  shnpc, 
vlivlruslnlie  eluirges.  or  olla-r  faclurs,  we  can  well  lie  in  plciily  of  In.ulde  trnlliciihility 
wise  if  the  Iniiiir  dust  layers  have  a|>iiiecialile  Hiirkiie.ss. 

Sonic  e.\)M  I ‘nienls  coiuvriiiiig  soils  in  vaa  iio  have  Im  OU  ciuidiicled  liy  the  Hndintioli 
l.al>oralory  of  ll'e  I'liiversily  of  Michigan.  Tliese  iiicesligiitioiis  indicated  that,  within 
the  limits  of  Ihe  partiele  sir.tvs  .simliml.  fulling  slivl  Ivills  iieuclnilo  dee|ier  under  vaeuuiii 
ouiditions  Hiiifl  under  aliiio.sidieri<;  incssure.  Thn-e  grades  of  fairl.v  angular  silica  sand 
with  giain  si/a-  raiigi-s  of  11  lo  !H),  '.‘0  to  17",  and  177  to  4ii.)  microns  were  studie<l. 
A  suggeslod  (■V|iliiuafion  Ls  that  when  air  is  reiiiovtd.  the  )iiiilicle.s  of  sand  form  a 
Wider  spais'd  lattice  duo  to  their  rough  eilgcs  touching.  Ill  other  words.  Hie  rough  edges 
luny  Miiniorl  llm  pariiehs  in  a  nuue  uiislalde  arra.v;  and  when  the  Ivull  hits,  it  breaks 
down  Ihi.s  loose  hillice.  .\iioHkt  possihlo  exidanalion  is  that  coiiii're'siou  of  iiir  within 
Ihe  Inver  ot  .siiml  or  diisi  retards  penotralioii. 

Fruiii  a  .soil  mccliaiiies  .'tandpoint  one  imiy  jn-'tiilale  lhat  hiiinr  soils,  exclusive 
of  niiv  eeiiK'iilliliou  clfccts,  are  likely  to  Ih>  angular  and  gnilinhir  and  hem  e  e.xliilht  no 
cohesion.  TInis,  lluir  Iiehavior  would  he  expected  lo  lie  analogous  to  that  ot  dry  sands. 
Wo  have  pnielicaliy  no  kuowhsige  at  pre.'eiil  to  indicate  the  elTecIs  ol  giavity,  vacuuin, 
riidialioii,  ele„  on  tlio  .soil  pro|wrlics;  IliiH,  we  ciinmil  .say  with  ccrtiiiiily  whether  lunar 
soils  would  In'  »1  ronger  or  wixiker  lliaii  Icrri'strial  .sands.  It  the  Jiiirtiele  .sire  of  hinnr 
.soils  is  M-rv  small,  tlu'ii  Hiey  may  exlnhii  proiH-rtics  akin  to  rock  Hour. 

If  Hie  fol  1  soiiig  turns  <'Ut  lo  ho  a  fair  pictiiro  iif  the  case,  tlicii  .soils  eiigiaccrs 
will  not  lie  «(illl routed  with  llic  jiroldeiiis  of  cohesive  soils.  In  this  res]icct  the  problems 
of  eolu’sioule.ss  giaughir  nuilerlals  will  be  siinider  to  d'al  with  unless  it  so  happens 
Hint  the  jHiiliile  'iro-s  are  tho.se  of  rock  Hour,  ill  wliieh  e.u.se  severe  mobility  prolilciiis 
iniitil  exist.  |iiillicidarly  for  tires. 

The  ll4iliU'  the  soils  engiiieer  would  waul  to  know  alhnil  lunar  soils  arc;  particle 
sir.o  gradaliolt,  particle  coiiijmsilloii,  angularity,  di'gice  of  packing  tvoid  rati<>), 
lemeillnlioii  of  particlei  or  lack  Hiereof.  and  cITccIs  of  Micimm,  riulintiou,  redueed 
giavitv,  cle.,  oil  Hie  .'oil  propcrlios.  t>nce  Iho.so  are  known  nr  can  lie  postiiluted,  a 
reasiiiiablc  4-<l(IUlilo  of  lunar  -oil  Indiavior  c.iii  Iw  made. 

Of  Hic  iiiiiu.v  av«imes  of  study  wliicli  miglil  la-  pursued,  two  are: 

a)  The  ^tiidy  of  .stoiic*  meteorites  twhiMC  origin  is  inesiumili! v  known)  ti.;  to 
coiii|m.sitioii  iiml  slriicliire,  mid  then,  hy  analogy,  a  dcteriaiii.ilioii  of  the  most  iieurly 
.similar  lerns.liiiil  roiks,  Oiuv  Hus^*  are  foinnl,  a  study  could  Iw  made  ol  Hicir  rc.sidtial 
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M)iU,  in  plnn*.  The  nii-kn  ...olrl  u1n(»  ho  >wiijo<lcil  iii  I  lie  InJxirati^iy  1<(  luiuir  ccrMlitiona 
of  sttv.-w  all'}  (ni;j>or!it\iro.  This  coiihl  l■<)lllrillllll•  to  iwi  iiiijinivisl  hy]>othcsis  of  the 
oriifin  of  Iniinr  xiils, 

li)  y.oTC  (lolrtih-*!  imil  )M'iiipr4‘luiisivc  sliidios  of  roik  flour  ninl  fine  nn«l  nuslinnt 
xmfls  in  viu-no  jis  in  ilicir  jiliy.-i«ii!  fhnrnvtfii.'lirs  ninl  In-havior. 

J.  A.  RYArr.  --  Tlniiik  yoti.  Mr.  Ti;in)«i!l.  I  Inivi*  :i  few  tirij-f  roniinoiits  that 
limy  ho  of  iiili'rii>t  Iiito.  'I'lio  lir-f  l■^llllllll•l't  rnins-i  o.s  liir  j)ii>»ilili'  !lh  IxTo.sity  for 
the  Iniinr  .Miih  Whi'fhor  or  iml  o.  :•!' '7  'oi?  p.oo.sity  i.-  ii  « oaiiircroos »  <-<>iiiliiio«* 
ili'lK'liil.s  Upon  whiit  iniisis  Ihi.s  tiinli  |ioro>ily.  'I’lio  srion,)  ,i>:i!iiirrit  lonoorns  tlio 
work  iloiio  111  iho  l{;i<li;il  ion  l^ilioinloi  \  of  llio  t'liix  fi.sity  ol  .Mirii<;:in.  1  niii  fimiiiinr 

xviili  Ihis  work  iiinl  iiii|;)il  i  u-ntioii  ihiil  Itr.  1>.  Umii'o,  Xorlh  .\!in  '’iiiili  Avialioii,  Inc. 

(I’mccciliiigs  of  till*  l.iiimr  iiinl  I’hnictiiry  Ksjilornt ion  (’olli.<[uiiliii,  \'ol.  I,  Xo.  1, 
1».  12,  lll'iS)  |i('rl'iiriiu'il  .''irnilnr  i-xin  i  iiiiciil.-^  iiinl  l  ooc  liiiiril  llinl  ihi  .s|iln  re  iliil  not 
jH'iicIrnlc  IIS  ik‘0|i  in  \iii  ini  n.s  it  difl  in  nir.  I’p*!.  <t.  Konnoilx',  lii~litiilo  of  (icoiiliy.iics, 
Iniivorsity  of  ('nliroriiiii  at  law  .Xngrliw  (iiii|iiilili>)ii'i|  jiapi'r  cniillcil  «  Snrl’.uT  ohi\- 
nicloristics  of  the  Mikim  »)  also  ]iei  I'ormcil  sin  li  l•\lll■rlll;l'nts,  Imi  tom  hiilrit  llirio  wns 
no  ililTercnoc  in  pciii  I  int  ion  ih'iilli. 

R.  L.  SCHIFFMAN.  —  There  .seems  to  ho  n  very  sriiinis  ijiie.-tion  n.s  to  wliollier 

or  not  llierc  is  nny  ii)i|iieeiiihle  «  ihisl  *  layer  im  the  union.  It  a|>iiriits  llint  in  the 

ahseino  of  nny  diroil  inl'orinalioii  one  eiin  liniM  leiiMinnhly  o,„„l  nr^joiiu'nts  on  (  iMier 
side  of  the  flrgniiienl. 

f'ertninly  from  the  Soil  Mrshiitiles  jioinl  nf  xiew,  nny  con.sidcrations  of  vohielo 
inohilily  must  a.s^tune  that  lin’ixi  is  a  siiri’iire  liiyor  of  rme  ]iailiihv  of  .sand  .ind  silt 
sizes.  These  reinnrks  arc  iirodiilrd  mi  this  .sjicntlnlion, 

Kroin  a  iiiohiiity  .slani*|niinl,  the  e<iini>iole  nhseliic  of  oilier  niJnrcai  furees,  roodt 
ill  .sl’i  arintr  slrci.iiths  of  the  dilsl  fnr  Io«<t  llii.n  v.;'  nre  .xeeiwlntin' 1  to  deidiii};  IviMi 
oil  earth.  As  a  residt  the  arons  of  very  line  dii'l  )Mat!"ie.s  are  likely  l.i  I'o  in  ii  o'u''i: 
tlmt  will  )iievent  Wumt.sc  withoi.t  .slnliili/.ing  irea'ineiit.  The  nio.-t  ohvioiis  iHattuoi  f 
is  a  clieinieid  heing  s|irnyed  in  niUiiiira  ol  the  Inivei'iig  xeliielr.  To  niy  laiovi  ii'iigc- 
;hc  ]>rc.seiit  eheinicnls  iisal  for  stahili/.ing  griiiiiilnr  suds  iei,.ii;',  o.wyeii  lo  'o.i'.iplote 
tlic  reaction.  Tlni.s  is  will  hecoiiie  aeee."iiiy  to  dcM-ln)'  eUn.iirU  vdi/.li  wd!  .-s  odity 
in  the  alteniialcd  nlinosjiliere  of  the  moon. 

It  ni>|H’ar.'t  lo  me  that  Ihere  is  s,  i;ini  |i  i.'ai  on  ron.  i  ,-i’.ii ;  ‘he  r.aUi'-c  and 
projHTties  of  limnr  /iialerinh  tliet  the  liin  s: -.i  ilia!  i  luoih'd  is  -a  rnli",  ;'  ;  iii.  :.ii  noil 
inve.sl igftt inn  of  (he  surfine  of  the  iinn  ii.  *  helii  ■"  tliat  :lip  jo-  '.i*  j)tey;..ini-  li.r 
II  lunar  iiivesligation  ui;i  go  a  long  way  toward-  ■h  u  iian. >  g  i*'  ihere  .a  ni;..*  u.n  r 
in  the  ilr.st  (  laee  and  if  .-o  llic  iialx'.re  ot  ll  !i..::ei nil  II  is  ,ny  f  ,ye  i!,:-!  ,'he 

iiisirniuenlatii  I  of  the  |iresenily  |)liiiined  Jiiiiar  i  siiloiiilioi,  jiroh  s  v.ul  i»e  of  v'.ii' 

n  iiatiiro  ns  lo  send  hai-k  infoinialiim  on  the  niiliire  riid  iio.  i;ly  o'  i.n.mr  n  i'/a-j 
iimlcrinls  Unit  would  he  ii]i|ili<iihle  In  nioiiilily  de.sigii. 

J.  A.  RYAN.  —  f  might  make  a  eomnient  an  this.  The  eoiirn  of  hn-  iiil'o;in.:tio.i 

thiit  the:e  was  a  largii  dost  eoiild  I'nrmed  at  the  impiiei  jioon  w.c-  a  J  rnnga !  i"ii 
oliHawn'ory.  At  n  meeting  in  I.m.--  Aiegele.-:.  held  slnwtly  al'lei  this  h, mr  io'i  in’';, 
I’rof.  Kojiid  friiiii  the  I’nivei-'ily  of  .I'aneliesler  st.iled  that  the  e  ;  a rte-  .tnr 

oli.-ervi'i's  were  «  nolnrion -lx  iiiirealiidile  i.'  ( I’voi  cedings  of  llie  tainiir  anil  I’ieoe'iiry 
H\jiloral ion  (’ollnuniiim,  Vol.  2,  \o.  1,  ji.  112, 
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^  suggested  empirical  combination 
between  the  Bekker  and  the  Vicksburg  methods 
in  trafficability  analyses  of  deep  loose  sands 

Proposta  di  una  combinazione  empirica 
tra  i  metodi  di  Bekker  e  di  Vicksburg 
per  Tanalisi  delle  possibilita  di  traffico 
su  sabbia  sciolta 


Tkakkicaiiii.ity  Kkskakcii  Tt\M  •) 


ABSTRACT.  -  There  are  two  mcthod.t  u\ed  in  traflicaOititf  analyses  o)  soils. 
They  are  the  Viek^hury  aiirf  the  isckker  mcthixis.  The  Bekker  niethod  is  a  theoretical 
one.  /ts  coiriputatlon  procedure  Jottoms  a  series  ol  nomogra)ru.  once  a  rtumber  of  physical 
factors  hare  been  utahlished  either  eTperiiitcntally  or  Jrom  rcenrdeA  past  knowledge. 
The  Vicksburg  method  (s  an  empirical  one  particularly  appitenhie  to  fine  grained  soils. 
Soil  strength,  which  ts  a  measure  o/  tra/HeahiHttl,  is  measured  in  terms  of  cone  index 
and  is  known  to  lary  with  moisture  content  for  a  glua  roil. 

Graphical  relationships  /laii’  been  estabhshril  by  the  Vicksburg  method  for  the 
irhicle  classes  of  tanks,  half  track,  and  wheeled  vehicles,  correlating  cone  index  dil/e. 
reiices  with  per  cent  climbing  slvues  in  fine  grained  soils. 

In  sond.s  no  generalisation  tiiny  he  marie.  Cone  iiirlex  versus  per  cent  climbing 
slopes  niti.sl  he  a  tablhhed  lor  each  ixrlii  iiluof  rehicic.  The  need  for  reducing  such  costly 
and  time  consuming  evaluulions  tSetnutiJs  act  elopnnnt  of  a  more  e".cieiit  metheut 

Oh.scn  ulions  /lom  trials  performed  by  the  Israeli  Army  hare  led  to  a  suggested 
empirical  .short  cut  method  of  establishing  the  desired  cone  index  versus  slope  graphs 
lor  deep  loo.se  .«anns. 

The  Bekker  jeetors  ol  Kc~-n.  .  J.5.  n  .  .  1/2  lor  deep  ioov  sands  were  shown 
experimcnlally  to  eomspohd  to  a  70  cone  indr.r  by  the  Vicksburg  method. 

Bor  Kc  o.  X, -  J.i,  n  r-  1/2  one  may  compute  with  the  ad  of  the  isekker's 
nomograms  the  m<irimu>ii  elimiung  .slope  of  a  desired  vehicle.  Haring  this  value  and 
the  corrc.sjionding  70  cone  index,  one  point  is  alrs'atiy  avaikible  tor  constructing  the 
graph.  With  the  aid  of  n  second  theoretical  jmint  of  ■>.  60%  climbing  .s’opc  corrcspoiulnig 
to  nn  optimum  obtainable  cane  index  ol  300,  one  may  now  proceed  and  draw  the 
desired  graph  whieli  has  a  tendency  to  lollovi  o  straight  line. 

yuture  work  is  .sugge.strd  to  be  aimed  at  comparing  a  wide  range  ol  the  Bekker's 
lectors  with  cone  index  values. 


Introduction.  —  'I’Iuto  ;ne  two  iihIIkmIs  in  list-  in  li niTuaUilit y  juiulysos 
i>r  siiils;  till-  \"n'Uslnir'r  iiu'iiunl  ami  lln*  IJikkvr  lut'lhod.  A  basic  ililVcn’iiec 
exists  liclwccii  llic  \  ioksJiur;;  mclli<iil  «b  vclii|ii'il  Iiy  tlic  C<mj>s  ot  Knyiiu'cr.s 
I’.S.  Aiiny  and  tlic  llckkcr  iiivtlunl  ilcvcii>|H'il  by  tlic  Ordnance  l.’orps, 
U.S.  Army. 


)  of  Jsrarl  .Srmy. 


T1h>  first  one  is  nii  «>ni|>irirMl  a  statistical  uutliud  dcsigiusl  to  fulfiU 
tile  n-4|uireiiioiits  of  the  Corps  of  K»"iiu'crs.  The  second  inethud  is  a  tlieorcticol 
one  Ijeiiig  asctl  in  the  development  of  new  vcliielcs. 

This  paiwr  intrudim'S  a  suyjit-sttsl  enipirieal  application  of  the  Bekkor 
method  to  the  Vieksliiirt;  niethud  in  the  tralheahility  analyses  of  dirp  loose 
samhtw 

< llisciwatioiis  tints  far  have  tnily  lu’en  made  on  sands  of  one  type,  those 
eom->]smdhnf  to  the  Ihkker  faelors  of  K..  =  0,  K*  —  ll)/in“  +  *,  n  =  1/2. 


Characteristics  of  the  two  metbods.  —  Tin-  Ittk/ur  mi  I  hod.  .  In  his 
Iwot  *  « Theory  of  Ijand  lAHsmiotioii  >,  Hekker  lists  11  faetors  needed  in 
detiiiinc  the  exaet  performaiiec  ahility  of  a  vehicle  in  a  eiiiss-eonntry  locoinolioii. 

Seven  of  the  factors  are  <s»iisidere«l  to  vary  with  changes  in  inuistui'e 
euiitv-nt.  Tlicv  are: 


c  ■■= 

roliesioii ; 

4*  = 

angle  of  friction; 

k  = 

iiiiMlidi  of  .sliikap'.  flc|H‘itiliiig 

II  — 

4>xiK>iieiits  of  siiiknge; 

K.  - 

c.vpoiients  of  ali|i|utge; 

K-  = 

e.vpoiiciits  of  slipiqige; 

7  =  hulk  density. 


Their  evalnatiun  re<|n)n*  sjKwial  lalHiratory  conditions  and  various  ii.stiu- 
ineiits. 

Other  faetoiN  are  ivlatisl  to  the  surface  and  not  assnnu'il  to  vary  willi 
chaiij'es  in  imdslure  tsmteiits  i.e.  elinuitie  ehanges.  Tliey  are: 


I.^  —  of  surl'are  wn\e; 

hw  =  lleiglit  of  Mirfarc  wave; 

ho  ~  l!ei"ht  of  obstacle^ 

Ia>  ■—  Width  of  tmirii. 


Ill  ivjiort  41-  «  A  ilefiiiitioii  of  soil  trafficahility  »  (dmii-  ItiaSt.  Bekker 
points  out  that  fur  his  nielluKi  to  Iw  ajtplieable  to  :i  wide  laiige  of  soils  there 
must  la‘  a  gatheriiit;  of  e.xtensive  data  and  an  clalioriite  eatiiloguing  of  the 
aiMjvi-  .’iiciitiuiied  sewn  factors  from  a  givat  iimuhcr  of  soils.  Such  a  cataloguing 
work  i.s  not  available  ns  yet  for  it  rc(piires  a  long  period  of  time,  tliereby 
liiniliiig  a  direct  emploj'nient  of  the  Bekker  proteilure. 

The  ViiUshunj  mrlhml.  -  In  place  of  the  .scmui  \ariidile  factors  used 
by  Bekker,  the  Vicksburg  method  employ.s  one  single  value,  called  the  Cone 
Index  value.  'I’he  t’uiio  Index  i.s  an  inslruincntally  measurable  factor.  It 
measures  the  iiirehanienl  strviigtli  of  the  .soil.  Altlumpli  an  cmiiirical  and  a 
.statistical  vnluc.  The  Cone  Index  i.s  a  luaetical  i>arameter  b( cause  it  is  easy 
to  obtain  and  to  interpret  by  the  military  man  who  i.s  not  an  engineer. 


Cor'C  Ifidtx  .0  *.(i  (j"  Idye-) 

1*1;;.  I.  ■ —  I'l'ffoniniiico  of  M-1  llll■'liIllll  (link  \ti  I'ium-  miimIs  (7). 


ImIIkI  is  lictt  witliin  slmrl  ilisliinits  with  rojiiinl  li»  soil  slii'iij'lli 

ii  liiijiv  Muiolhr  ol'  t’c.iio  liiilrx  v.ihits  iiif  lu-iice  Vi'ijuiictl.  Tlu'  Coiu’  liulos 
4t|t|ir«j<u-U  lias  llio  ad  van  lap"  that  il  dois  nol  in'ci'.s.sitato  a  lar};i‘  and  lii^hly 
«‘ivw  lo  ilcicnnim'  soil  sln-nolli  satisfaclorilv.  Conv  liulo.x  may  also 
U'  ndatisl  to  vlianjrrs  of  soil  iiioistui'c  roiitrms  in  diliVri'iil  .soils. 

Dra'wb.'vzks  iu  the  Vickaburg  method  in  luialysis  of  deep  loose  sand.  -  - 
Ity  tlio  Virksliurj;  iihmIukI,  any  vrliirlf  lias  a  s|)iM  ilif  and  I'oiiipnlablo  Voliicle 
t'oiif  lnd<'X.  It  ix'iaains  i'on-<tant  for  iliat  valiiidu  drjicnding  ni'oii  llir  vvhiplc’s 
HK't'harii«-.d  »diiirartcristifs. 

A  ililtViviico  in  \aliU'.s  Ih-Iwi-i'm  Soil  Coni'  Indv.x  and  Vvliiido  Cone  Index 
is  a  iiH-asiirv  of  tliat  soil's  tla^ieallilit^'  on  sloiK'S®. 

Kor  I'ohesivi",  (ino  ;;raii;ed  soils  v.'Iu'M'  tlie  Soil  Coni!  Inde.x  is  a  faetor 
ili'lsniih'iii  on  liioisiiii'e  eoiiditioMs,  ihe  Viekslinvg  nu'tlioci  lias  lieen  able  to 
forivbitf  Jlif  din’ei'eiiet’s  between  .'soil  Cone  Inde.N  and  Veliiele  Colu'  Index 
with  cliiiibiiio  slojie.s  fur  wbole  ela.sse.s  of  vehieles,  siu-li  as  tanks,  Half  traeks, 
wheeUsl  and  towed  leliiili's. 

.Sih'ii  i-oi'is'lalioiis  I'or  the  foor  Knal  veliiele  ei;!s.ses  eould  not  be  olitaiiicd 
ill  coarse  "rained  soils  (non  eoliesive  deep  loo.se-  .vnid.s)  In  this  ease  the 
fimetioii  of  (June  Index  ver.siis  eliinbing  sioiie  has  to  b'  established  separately 
for  eaeh  and  every  iiidivid’ial  vehicle,  hy  laborious  fiild  trials. 

Thus,  siiving  'm  euMly  and  ti-ne  eonsiiniini'  trials  would  result  in  ;;reater 
l■l^eielu•y .  Tiie  ineeiitive  was  tiuis  furitislied  for  .seeking  pos.sil)le  eombinations 
between  tin'  ttnuietieal  llekker  method,  eompntable  in  an  ofliee,  and  llic 
ViekslniiK  nietliod,  to  sec  if  the  number  of  field  trials  eonld  bo  rediieod. 
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Tills  elmrt  is  LaMcs)  un  ttie  e<|uatiua: 


Ifc  = 


(n  -f  1)  (I.V^)!.-. 


\T  I 

<—) 


Where: 

He  =  Uo:«i>tAiu'e  to  motion 

\V  =  Tolnl  truck  lontl  (lbs) 

I*  -  (^roiiinl  i»ios?<iirc  ) 

l»  "  Track  widlli  (in.) 

I  T.on^tli  Ilf  contoct  .area  (in.) 

K^.ii  --  1  ji»j\jrtra)ly  (U»ler:iiiiie<l  >oil  pHruiiicter^ 


the  roi  vnTuc'^  un  b 

itii'l  IV  Kxtciii)  llie  lint*  tu  U  aiiJ  read  ulicra 
it  is  bcin^,'  intersectoil. 


FI;;.  —  Ui*>i'!iiin*f  iu  ulT  ilic  rouil  nn»iii>n  of  irnik  prinlioeil  by  ><oll  compaction. 
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Tl»i>  I'hurl  Ilit*  ctiimlioii; 

^  [k^  \  y.-* 


Wl.rn*: 

I*  tHiMifnl  j»r»'>surt»  tlb’*/,,.  In) 

/  l•\JH•rioIK'Cll  umU’r  static  luiulin^  (in.) 

It  ■  Tr.icK  wiilih  (in.) 

M  ■'  Km j»irit*iilly  ilflfriiunt’tl  soil  pfiraiiietera 


.'Ciiiknm*  is  lo/itii'  ilin  rtly  obtniio'd  fruin  i^rouiid  ;  .ossiire. 


Kij;.  -i. 


.'^ihknito  Ilf  truck. 
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h  ~  Tnu'k  wiilth  (iM.) 

a  —  Anjjle  of  u|»proucU  45** 

Z  =i  Siiikftjjo  of  trfti-k  (»«.) 
t  --  Z  tftM-  (43  — «I./2) 

y  —  SjHM‘i!io  of  the  H»,  cu.  in. 

«(»  ■-  Angle  of  intenuil  frictitm  tif  iho  -  - 

I'tiuihino  «nrre.'*i«t»H'r»!i;'  vmIiu*>  ••ii  Z  I*.  Kvl*-itit  tli4*  tine  !•*  Rh 

ami  f^ait  where  U 


4 

-1. 


-J _ _ L 


5  1015 

Am 


iA 

-sc 

1. 

3; 

-35 

O 

-33 

-25 

"ji 

-20 

o 

-1$ 

< 

cc 

-10 

+- 

-s 

JO 

2-SINKAGE  IN  DEEP  LOOSE  SAND -INS. 


-1JO0 


JJOO 


-3000 

-2900 

-2600 

-2400 


t/j  -2200 
CD 

-J  -2000 


I 

UJ 

CJ 


hieoo 


< 

CO 

Ui 

cc. 


-UOO 

-1400 

-i:oo 


I 

C£. 


-400 


h^oo 


r 


f  4.  —  Jh‘.'i?*tf»iiee  tu  4»lT  llu-  ruw«l  i»i'‘li%»u  vf  Uiiek  pr^Mlun-.l  hy  hMlMi)7.iii^  t»f  >4itit. 


liivc'stigjitioiis  ill  llif  lulil,  iiiul  Milis^Mjiiiut  iiiiiilysi-s  wno  ni;ulc  for  this 
purpose. 

l'’ipure  I'  cU'pii-ls  tlur  |n-il'oniiiiiU'i‘  y  of  :i  M4  Sluriiiiui  tiink 

iti  ilcoj)  loose  s;iii(ls  iis  liy  liie  I’orps  of  Ku^iiiiecis.  Tlio  olwtis.'yi 

ivj)ii’.scnts  the  .siiiul  ('one  Index  of  Ihe  fJ  ti'*  Liver  aiid  ihe  ordinate  i-einesi-iits 
the  per  rent  elinihiii"  slope. 

A  suggested  empirical  method  of  conibiuuig  the  two  methods.  —  It 
slionld  he  siressv'd  a^aiii  that  the  Mekker  method  is  a  iheoretieal  <me  us«'d 
in  the  desijinaiul  develojnnent  »tf  vi  hieles. 

(.'onipiitatinns  hy  this  nielliml  follt>w  a  series  of  leiino^iianis  adaiiled  for 
deop  liii).se  sand  froir.  Uekker's  work  aiul  shown  in  fivnires  'i-'J-d-o.  Fixoii 
these  uomojri'ains  a  thi  orelieal  pei  forinanee  ea|<aliilily  may  1h‘  found.  The 
lierfoinianeo  eapalnlity  expresseil  in  the  inaxiinmn  elimhinvr  slojie  of  a  lank, 


-GROUND  PRESSURE  »  Lbs.  per  Bq.ln 


-jus  -j  -RATIO  IN  DEEP  LOOSE  SAND 

^  ^  viririT~ir~jrjr^7 

Tlii<  diiir4  U  lin'O)!  <•»  llx’  ciinnlioB: 

I  *•  I  -  ■ 

H  --  W  t  n  <l»  1 1  r  O.iU  li/b  ri.l-  '  ^  — —  )  ]  j 

Wkyrt-: 

1(  ~  iTRclivt*  «’flri>rl 

W  —  I.tia-I  ■•n  Irark  l.l>. 

1'  —  (ioiiiit'l  {•ro-'tirv  l,l»*./S4|.  ill. 

Ii  Tnvk  wi’llh  Sum. 

J  ^  l^'lltal■l  Ifn-lh  Ilf  track  in.-*. 

Ji.  —  llpiU'cr  hcickt  inM. 

«J>  —  «f  iiiloriial  friclii<n 

t'liiiil-inc  tho  ctiffe'lH.iuruiu  vnluiw  nf  I  ami  It.  .Mark  tlic  jaiiiil  nf  iiiler'Cflioii  with 
ilic  (illi'-i  lino  B.-r  iL  t'oinliini-  1’  with  -  —  .  .Mark  the  jiuiiit  of  iiitcr.-ecli'Mi 

l» 

^viib  — an  f.  Cuiiil»iiic  f  an*l  •!  ati‘l  oxiriul  tbc  line  to  road  off  H. 


S.  —  Trarlivo  cfforl  «»r  Ir'irk. 


i) 

—  A  M  X  (Kroiicli)  Ttiiik  • 


\V  1.  rllSIHI  M.r*. 

b  "•  I"..")  iiM. 

L  =  1  III  in.<. 

h  =  1  in. 

1*  111.7  1, !;<./.*< 

IVvtru'iil  (liiln. 


R  =  He  4- Rh  —  741)0  Lli!*.  (Heniliiip) 

Re  --  1^*0  I.Im.  (0>iii|>iitC'l) 

Bb  =  5000  I.b."^  (C<>iiii>utod) 


Kig.  7.  —  Boi.'laiice  lo  oll-Uic-ron'l  iiiotioii  (lotnll  fur  llio  A  51  \  Tnn 


ill  till'  jiuwrr  ilifl'iTi'lli'r  lll;it  rxists,  ivilli  wllirll  il  tllllk  ciiulil  pull  utlliT 
vvliicli»Jv  , 

A  tlif  solution  !iy  lliis  iiuIIuhI  is  iho  osliililisliin^  uf  the 

Hvkkcr's  siiils  I'lU'lurs.  l-'or  lU'i'p  lnusi’  siiiuls,  UikkiT  liiul  workuil  with  tliu 
fiictdi's :  —  0,  k*  —  II,.")  Ill,  iii'‘  +  -,  11  — 

Trials  in  Isnu-l  wi'iv  piTrormoil  in  ilrcji  ItMisr  saiul  ri'^ions  ajipaivnily 
IHisscssin;;  till*  Minir  valui's  lor  tlir  llini-  larlors.  TIu  sc  I'arloi-s  worr  rvalualiil 
by  an  iiiilii'rrt  mrasiiriiinnl.  Dynanionulcr  tests  were  iinule  at  the  sites  anil 
is-vealeil  that  the  |{olline  resistanee  of  several  tanks  on  a  level  "rouiul  ei|ualleil 
the  values  eonijnile(.l  by  the  Itekker  pioeeihire,  assuming'  the  tliree  I'aetoi's  to 
have  values  as  above.  The  eorrespoiuliii;;  I’one  liklex  readings  were'  ileterinined 
to  1k'  70  by  lu'Ul  tests  at  the  same  time. 

Thus,  70  Com^  Index  found  eorrispimdin^  the  Hekker  faetors  of  -  0, 
k*  n  --  l/'i.  o'l  that  partieidar  tiat  and  level  sand  site. 

Trials  at  other  sites  in  the  region  revealed  that  the  sand  there  had  similar 
physteal  pinperlies,  when  netual  elimhino  slopes  eiiualle<l  those  euinimted  by 
the  iiumoeratns.  assiimimj  l-V,  k*  and  n  as  a!>o\e.  l'‘or  tho-.e  sites  as  well,  tie' 
same  (’one  Index  of  70  was  also  fouml. 


Tlu'  ivlatiunship  l>y  Ki".  I  is  n  sHiilitiy  mmsl  line,  teinling  to 

follow  a  straight  lino  for  Cono  linlox  values  Ih-voikI  iH>1nt  S  (higher  than  70). 
A  definito  irlntioiisliij)  ns  shown  hy  •»  •■^>li.I  line  in  fi"  1,  U  shown  only  up 
to  (A)iU'  Index  values  of  alwiui  ItXl.  siiMi-  hi^liec  Cono  Itnlex  vnliD'H  art  rare 


f*.  —  A  M  X  irrciieli)  'I'lOik. 


in  <h'e|i  loose  sands.  The  liroheii  line  seeliun  of  the  “raiili,  however,  has  1)00(1 
drawn  to  reinesent  a  h.vinilhetieal  rel.itioiiship  for  hi^iher  (’one  Inde.x  values. 
It  is  pussihh'  to  predict  the  h)ciilion  for  iii"hcr  values  for  .-i  very  lirin  material, 
as  represented  hy  a  Cone  Index  of  dOO.  The  eurrespondiiiL:  inaxininni  eliinhin}! 
.slope  of  the  ^1-4  lank  is  (iO  Ilciico,  this  point  may  Is-  estnhlishod  theoix-- 

tieally,  as  represented  hy  X  on  lie.  1. 

llein^r  ahle  lo  t-sl.ihlish  thosi*  two  j>oinl.s,  X  and  one  may  pnaeod  and 


Rfc  ^  iMKi  X  2  “  rM'^OO  t.l«. 
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(Iran'  a  •’iinr'  Index  versus  i>er  rent  slope  n-Ia! iiinslii|»  for  a  desired  tank,  as  n 
strai>:lil  line  Is-t\i'»'i>ii  X  aiul  S,  enived  ilownwanl  {inulually  for  values  lower 
than  S. 

Srjiiple  compotation  for  the  French  A  MX  tank.  —  Kies.  2  In  n  ’ 
inelnsive  in  tlie  appendix  re|>re-s«'Uf  HeUker's  noniop;ranis  used  in  the  eoinjui- 
tat  ions. 

Kiir.  G  sliiiws  the  Freneh  A  X  lank  teelinieal  tlata  as  nspiired  I’nr  (lie 
eiiinjinlatioiis  by  tin-  noinojirain  proeedurc. 

Fi;'.  7  d<-|iiets  the  total  ndliiijr  resistami-  |{  of  the  A  M  X  tank  as  obliiilieil 
by  a  dynainuineter  ivadiiijj. 

S  In  12  inelnsive  depiet  the  e«>in|)ntation  pisieislurc  for  the  A  M  X 
lank,  follnwinjr  the  system  of  the  nonioeranis;  fies.  2  to  A.  The  rollin;j  resislniiee 
lib  t  lb-  '■  II  was  di'leianined  to  be  identienl  to  the  ilynanioineler  reading  de- 
mnnsliMlino  ilial  the  faetoi-s  as  inopo-s(sl  by  liekker  for  deep  loose  samls  were 
applicable  to  this  ai'ea.  The  niaxiiouni  eliinhiinj  slope  llin.i  obtainnl  was  tlT  'J, 
as  slioivu  in  fi;:.  ]2. 


•  l.TlMI  2  "  llHtIMI  l.lw. 

^'iu•  II*  —  •'  •'!  (IV*’iir|i)  Tiiiili. 


Kin.  'li'ii'vii  willi  iIh*  ;ii'l  «if  poi'it  X,  ’KKl  (’oim’  Imli’x  v<>rsiis  00 

ilixl  tin*  Jliil  of  JHiilit  S,  (t)  Cone  liolvx  vrlNils  '-tl'i  sin]**-.  TlU'SC  Iwi) 
pDiiits  won*  joiiutl  l>y  ;i  .'ilrnlyltl  liti<*  .Hul  tit*  cxtiiisiDii  of  tin*  lim*  to  values 
lower  lli.Mii  TO  was  eiirved  oi'jiduany.  Tin*  ot.ii-r  jioints  ntarkisl  on  the 
I’l’preM'iil  fii'lil  trials  nsnliiin^.  listed  in  tal>'e  I,  laki  n  to  eliei-k  tin-  theoretical 
eoMipiitations. 
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ConcIuBlocs.  —  TFh*  wnpfiie;*!  luethovi  alK>vo  Ivnd.*^  fo 

coiK'luHioii  that  tluMV  is  scope  for  In-filcahiliiy  prediction  for  de<?p  nnnd. 

SiuniM  this  study  Ik*  continued  inorc  cxtcnsiwic  their  can  1)C  liUti'h  lune 
and  cflorl  siivcd  in  coinputinj*  trardcahituy  for  such  soils,  where  iKilh  the 
Hekker  and  the  Vicksburg  methods  conlrihulc  to  tlie  solution. 

This  stinly  had  thus  far  5s-i-n  timited  to  Hi'kker's  faetur  of  K#:  “  0 
K*  “  d.a  n  “  \'2  and  70  t'one  Index.  FuUiiv  work  is  proposotl  to  eolK'niitrale 
on  correlatinjr  a  ranm'  ot  Hekker's  faclois  witli  Cone  Indiirs  in  conjunction 
witii  vi'hielc  performances. 

AC K l'.\ T.  —  't  he  TiiiUiiiihilit y  Wi^a'iirth  Team  ui>lirs  to  iicknow- 
led^  its  jrratioide  to  l*r«»tV’-or  JiK'^eph  Ci.  Z*Ml!rn»  Chairmjja*  Dcjmrtnicnt  of  ^?oil 
Kn^inconu^.  Israel  Iii>(ihit<  i»t‘  To«ho«  lojry,  llnifn,  for  liis  gaidaiu'c  and  a.ss|.9tftin*c  in 
the  j)roparnti<»a  <»f  Mii?»  paper. 

BIlMdOCHAlUlV 

l)  Hekhi  f  .\t.  (».  'rhoory  of  I»ani|  I.iM'(»iiiulu»n. 

-)  Uc^kor  M.  (i.  o»ii  *»f  Soil  TruiUcnliilily.  I;c|utri  N**.  U,  Land  tairoiaotion 

HoMoaroh  Itruiuh,  i>rd»iituc  <'or|»s,  .liiiu*  luns. 

31  I',  S.  Ordiiaafo  CVrp:*,  Hc-cac»'h  Hrport  N«».  4,  Land  Loonuioiion  ItescMreh  Ifat'ora- 
tury, 

4)  S.  .1.  for  tho  O'HhiatitMi  of  irurk  and  mail  wheel  ilcsiitlK  Report 

No.  4,  March,  Ufaii. 

5)  t‘.  S.  OrdnniM’e  Cnrp.^.  liii«T’‘«’rv  trv  vehicle  tnoUiUty  5yDi|'nsiuin.  Land  l,w*uiaolinn 

Itcscarch  l.ahurntory,  ta*o. 

(p  t*.  S.  <'or|i.^  of  Ki»;*?neer«.  Tiaaimhiroy  ){*  soUfch  t'lnl  Pc\ clopHienl  Jt*4n*r|s. 

Siipplciiicnf ^  \  to  I'J  (inclusive),  MMS-lU.VI. 

7)  r,  S.  I'orr^  Kii;*iucer'*.  I'ihii  study,  tc'l.*  oa  roar>c.  Orained  Soil*,  Surrlcim'nt  13, 
l(C’*carch  qiid  Pwclojuncut  Report,  NovcioV  ••.  Ji>r>5. 

lb  S.  <'or|'s  of  KnuMnocr.''^.  .\  Miimn  iry  of  trail)  lily  sliidie:^  lhroui;h  U»5Ai  l^upplc* 
uu'ct  14,  Koxuardi  um!  J h*vch»|»mcnt  Rc}xrr>,  1  lecisuh'.  r,  )U5a, 

a)  tk  S,  v'(  rps  of  Kuyiiivcr*.  Tc^'l  on  t*ou‘’.'*i‘  (IrLiiiod  with  self  prori'll^^d  uud 

towvd  . dudes  larHi-lao*.  ^iu|*|d«M]U•nt  la,  and  Dcvdopiiaeill  R»?port, 

.lunc,  trail. 


l)  I  S  V  ('  S  S  /  (>  iV  « 

Z.  JANOSI,  --  Mr.  ('Iiiiirm;iii:  Imvc  '  ;inl  4iImhiI  r.o  «-(Tiirt  to  ciirrclBli’ 

ljrkk‘'i'-4  Mill  viilii.'  svstciu  mill  tkr  I'lHliml  hnsi-  '  on  tlii"  loiiD  iiulrx.  It  1*  lojciial 
to  I’lio  tliiil  .'li  -h  i;  I ('hitioiislii)t  iiiu.st  I'.xi.st,  lici-aUKC  bolli  .syslom  ilrrlvf  llirir 
|):iiiiiii»'ti'iM  iioiii  lo.nl  .>iiik.i;:c  ilutn  obliuiiril  Ijy  iiciictni'.iii^  ililTirciit  foollMli-'* 
tho  ,;roiiiul.  Tile  l.miil  l,oror.ioiioii  l.ulionilory  invrsli).;'itril  this  |Mul>U'iii  il!  IDoS, 
mill  oiii'  liniliiu:?  v-  crc  jmiiii>hfd  in  irpoi  l  N.  -lU  in  llk'iD.  Wo  ruiiinl  I  hill  it  was 
not  iio.-sihli-  to  iiri'tlii'l  Ihu  Hikkoi  loil  vuIiu-m  lioiii  ;\  j;iv‘n  I'om'  iinlox  ns  lls*'il  by 
Slio  Ar;n>  .''lohillly  Hcsmiili  t  ••iilrr,  'inn'  llu-io  is  nii  inrmiU'  niiiiihi'f  ot‘  sr!s  nt  .soil 
viiliii'S  whiih  ivonht  .virlil  lh<’  .siimc  loiii'  inilvx.  Il  "as,  however,  :iiii|i1o  lo  oxoroiS 
Ihc  niiio  iioli'X  hy  nn'iins  ol  tlip  throp  Hpkkpr  values  if  onp  piioiitpil  the  loail  injuTpd 
to  in'iiptrutf  tlip  poiio  into  the  groiiml  with  tlip  simp  of  llip  slipssp.s  ro«l'll''t!  'll® 

ai 
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coiic.  The  re.suitiiig  Mination  wa*  rheekeJ  by  i!«la  obtninej  from  siiniMltancons  eoiie 
l>cnptit>me!cr  hihI  hevamcler  testa’in  vnrioas  The  afrreeniont  between  the 

prcilietcil  nn«l  te.stcil  eofiC  values  was  ana-ptalilc.  far  as  I  Viuiw,  llie 

Army  Mobility  Uesenreh  Center  also  litn  nitineroiis  tests  to  rlieck  the  \-aliJi!y  of  thia 
.siimtion  ninl  foiintl  that  the  above  relationship  was  valiJ.  1  lioj^e  that  this  lia|)er, 
whieh  was  also  piiblishetl  by  the  IjmhI  l>ovoiiiotioii  I jiborutory  ni  Kesearrh  Rejxjrt 
N.  5,  will  be  of  help  to  the  Corps  of  Kiijjiueers  of  the  Israeliaii  Aniiy  in  their  elTort 
to  establish  a  relatio'-ship  between  the  two  systems. 


D.  R.  FREITAO  and  E.  S.  RUSH.  Tlic  Isnioli  Tinflii-nliility  l{<-seareli  Team 
has  dosi  iilieil  a  pioimsod  annlyliriil  iiielhml  of  eslnblishiiig  trnllieability  jierformnnce 
eitwes  for  veliietcs  o])eraliii>;  ill  sand.  They  sunniest  that  the  nia^iniiiin  sIo|ie  nr-ro- 
tiable  by  a  veliiile  be  eoniimteil  by  Mr.  Itekkcr’s  lei'liiiiqnes  for  cue  .sand  eoe.Uilioii 
lacasiireil  in  terms  of  k^,  k*.  and  n;  lliat  these  v.alnes  be  coiivertid  to  an  e<niivalont 
enae  iude.'i  by  netiial  itieasnrcmonl ;  and  Ibat  a  eiirve  of  ina\innitn  sln|ie  versas  l  One 
iinlex  be  eoiisti  iicleil  for  the  vebicle,  iisiiij;  the  sio;;li  jaiint  thus  derivcsl,  a  soiiiewbnt 
aibilr.uy  inaNiiniiin  |>oiiit,  and  Ibe  penem!  sim|>c  of  Miipirieal  curves  of  sIojk"  versus 
coiiu  index  ilevi’Iopcd  by  the  Ainiy  ?»Iobility  Ki>searth  Center  (AMKC)  of  the  C.  Is. 
■kniiy  Kiipineer  Walerways  Mx)a'rinient  Slalion.  The  example  p'iveii  is  for  a  loose, 
dry  desert  sand  for  wbieh  cone  index  i.s  “b.  k,  is  0,  k*  is  3.5,  niul  ii  is  0.5. 

Tile  rtiiie  iinlex  nf  TO  iiprees  well  wjili  the  xaliies  found  by  Ibe  A.MKC  in  il.s 
held  tests  on  dry  desert  sand.s.  Tbe  .\MUl'  diil  not  measure  the  Hekker  soil  values 
at  the  lime  uf  these  field  tests  and  eiiniml  therefore  eerify  the  relation  of  rntte 
index  to  soil  values.  However.  Juatiy  conn>ai tilive  scl.-i  of  data  liiive  been  eoHcctcd 
.siilisefpieiitly  in  the  siinie  ile.u'rt  .-and  at  tlic  same  inoisltire  content  and  density,  but 
ii>  the  soil  ears  of  the  AMUC  testiiip  lacilily Tln'se  coiuparisons  nwenl  that 
soils  vidiies  k,.  r.:  l),  k»  ■-  3.5,  nml  ii  —  0,."i  ean  he  associated  with  cone  indc.v  in 
tlie  order  of  iilnnit  15,  not  70'.  Al.so  slnkapivi  of  tracked  veliicles  nl(■asnred  by  the 
A.MKC  ill  desert  sand  with  a  cone  index  of  70  were  ciuisidcnibly  Ici.s  than  the  D.2 
in.  reiHirted  for  llie  .\.MX  lank,  it  would  be  of  eonsideiablc  interest  lo  determine 
Ibe  reason  for  llie  nmrked  difference  Intwecn  lln.sp  relaliens  nmi  Ibose  found  by 
llie  Israeli  tenni.  I'onever,  rr",;ardUs.s  of  tlic  nciniacy  of  tlic  ndeiieii  of  cone  index 
to  k..,  k«.  and  ii,  llie  Israeli  proposal  is  of  interest  if  it  can  be  shown  to  l>e  of  pe- 
norii!  vidiility. 


Tihi.K  1.  —  I’r'liiii-iil  ihitn  fur  trinird  rc/iiVVs. 
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U/XIolUM  ORAWBAft  PULL  IN  PER  CENT  'it  VEHICLE  WEICHT 


CON€  INDEX  O- 

TO  e-INCH  OLPTH 

LEC.cMS 

•X  ISriAELI  l.-ETMOO 

Wta  Tljif  PCSULTJ 

1^  _  arliinl  a»Ml 

|»r«siiclr«!  ]«r  r  furiiibiii’C 
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jl>  ♦•ii;;iucr.’ 
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Kiijure  M,  --  Whii-lo  iicrfurmnnie,  '"i  X '<  iriu’k.'*.  11.‘Hl.20, 

IJ  pr  tin'll  <\r_v  tt>  ^nml.  -  i)  10  p>i  lire  pro^n'.i.-e; 

lij  family  of  tin?  jircKii n-  corn'll. 


In  its  stinly  ill'  the  inillifiiliility  of  miihIs  tlie  AMliC  iim'iI  si.\  illficrciit  Irnekcd 
viihiclp.s  ill  iiilililiiin  to  ilir  M-1  limk  rel'orri'il  to  tiy  llir  .Aiitliors.  (It  should  he  noted 
;it  this  point  tlml  the  M4  tank  iim-iI  uos  the  « ide-lrarknl  vci-ion  hnvii'jf  n  linininnl 
irniiiiid  iiri'.s.siiri'  of  nhoiit  !l,S  |isi,  not  l.’l.S  psi  n.s  ii."iiiiii-d  by  the  .Xiithors.  Uiifor- 
tuontely  eoMplrli*  diim-iisions  of  this  vcliiele  were  no:  oiveu  in  WKS  Tri'hnicnl 
Moiiiornnilniii  No.  il  'JlO,  thiiloi'iilli  .''n|i|iU'ni<'iil.  «  rniliiinhiliiy  of  Soils,  Pilot  Study, 
TosIm  on  (’oiirsc  tiniinril  Soils*,  listed  ns  rofeieiii'c  7  in  the  Israeli  I'niicr).  Pertinent 
(•huriU'leristies  of  all  the  tiaeked  veliirlis  tested  are  fiven  in  table  1. 

Perlorfirnni'i'  rnives  have  been  derived  for  each  of  the  tracked  vehieles  nsinp 
the  methods  iiro|Mised  by  the  Israeli  Trafticnhility  Team,  ii.ssnmini;  that  k,  —  0, 
kf  “  .'lo,  and  ii  ’  <h.'>  loriesjiond  to  eone  index  =  7<'.  Tlie.-o  curves,  toirether  with 

D'siilts  of  liehl  tests,  arc  shown  in  liyiires  1  mid  2.  The  di  rived  jKiints  ]dotted  at 
cone  iiiileT  =  7ll  weir  coiiijnitcd  hy  the  Jiioiier  enioiiioiis  lather  lliaii  read  froai  tho 
iioiiio^rajih  to  ia-iire  ncniiney.  The  data  )ionits  jiloitts]  were  ohtaiiied  I'ruiii  iliawbnr- 
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KiKiirt*  .1. 

pull  to.-ts  on  Icvol  >iiinl  liv  a'>siiiiiin);  (lull  llir  nilio  of  iiiiixiiiiiiui  ilninbar  pull  to 
'vci};lil  is  oipiiviiliMit  to  ilio  Imiironl  <if  tlio  aii'^lc  of  in:i\iiiiiiin  Himh.  It  run  be  soon 
that  fiilcnlatcd  jnrroiiiiamc  is  vcasoiialily  close  to  the  uetii.al  |MTforinnnee  for  the 
1)7  eiiL'iiieer  linelor;  lint  fur  the  others,  it  is  either  imicli  higher  or  niaeli  lower.  It 
will  he  noted  that  the  nrtniil  perfornnuiee  of  the  three  eiijiliner  traetoi-s  (04,  1)6, 
and  1)7)  wns  soiiieahat  heller  ihiiii  preilii-ted,  while  for  the  other  three  vehicles, 
peiforiinmec  was  [lonrer  than  predicted.  The  diitn  siipyest  Ihnt  the  .streiiulh  of  sand 
has  little  iMlliieiice  on  pcrfonnaiiia*  at  least  within  the  strm>;ili  ranjie  li*sterl.  All 
the  eiioineiT  Irnetors  can  he  ronsiilered  to  he  idile  to  elinih  ulioiit  tlie  s.atne  iii.'txiniuni 
slupc  (about  .Vi  (7 ).  The  lline  niililniy  iraelors  also  have  nlioiil  the  same  iierfor- 
innnee  that  emi  In*  elianieleri/i.,1  ),y  a  slope  eliiiibini;  euellieient  of  alHiiit  r>0  The 
diifeienec  in  the  |n-rforiiiaiiee  of  the  two  f;nnips  of  vehicles  npiiears  to  be  relateil 
to  the  lyjie  of  trink.  The  iniliinry  vehicles  have  relatively  Hexihle  traeks  de.signed 
to  provide  good  «  ride »  at  fairly  high  speeds.  The  enyiiieei  tractors  have  a  more 
rigid  track  systein.  It  vvuiihl  i.p|ieni  that  any  forinnhis  intended  to  prislict  perfor- 
innncc  of  li.nrkeil  vehicles  in  sand  must  he  aide  to  cvalnale  the  inlhieiiec  of  the 
track  slifTiiess  factor. 
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Most  of  the  I rafiicv.iiili; y  stmliits  ronthn-U'il  on  snud  by  tlic  AMUC  havo  boon 
with  \v1u'i‘1p.I  -.rl-nU-s.  This  piiipbn.'iN  was  bi'Ciiii.sf  ahi-ctoil 

vphii'lcs  do  not  |ii-i'foriii  •  i-ll  as  iioi-kcd  vrliiiles  in  sand,  and  bi'i'iiiisc  srcmiii^ily 
siiiidl  I'liniijri's  in  liip  size,  inllation  iinw'.ni*’,  <to.,  ran  eauso  gruiil  vaiialioas  in 
pel  liii'inniii'C.  Tlu'>e  ^.indies  liavi*  ivsullrit  in  llio  |i)'odiu’lion  of  fniiiilirs  of  turves 
to  sliow  vtliitlt  ja-rfoi  iniinto  *.  t'nrves,  Midi  as  llic  one  pivtii  in  liyiiic  '1,  I,.,  re 
been  delcniiiiu'd  for  llie  liist  live  vdiieles  listed  in  table  d.  The  test  data  lor  the 
other  veliitlos  listed  are  not  ns  niiineroii.s  at  ibis  time  and  tiuvos  have  not  yet 
been  e.stnblislicd. 

As  pointed  out  by  the  Israeli  Triilliriibility  Heaeareh  Teiiia,  it  is  hi^jldy 
desiderable  to  I’.-lalilish  prrlorinaiue  viiiies  for  nnv  velddcs  uitlioat  the  oveessity 
of  evtensive  tcsiint;.  The  AMHf  is  now  endeavoriii"  to  di'velo)>  aiobility  index 
iS|iiations  that  will  make  ibis  fe;u-ilile  for  wheelisl  M'hielcs.  One  of  tla;  several 
systcnis  lairrcutly  lieiiiji  cv.diialed  is  suniinariztsl  in  ligarc  -4.  It  is  a  imrely  tiapirk-iil 
arrar.gi  iapMt  of  faelois  eoiisideivd  to  iulliieiiee  the  jie'fonnnnre  ol  wlaaded  veliieles. 
Other  systems  under  st,idy  arc  liastsi  in  <Uiiieiisiunat  misiauiii;  ami  are  similar 
ill  many  respects  to  the  system  enrieotly  being  iit'di/ed  by  the  I’.  S.  Army  Tiaiisjwjr- 
tation  Hcseareli  roeimiiiid  It  is  anlici|mted  that  a  report  dtseiihiag  a  projKiseJ 
mobility  index  system  will  be  prepnriHl  soon  by  the  AMliC. 
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Pressure  distribution  on  and  flow 
of  sand  past  a  rigid  wheel  *) 

Ripartizioiie  della  presslone 
e  spostamento  della  sabbia 
al  passaggio  di  una  ruota  rigida 

K.  T.  ViNCKVT**) 


ABSTRACT.  —  TAij  work  is  an  to  contribute  fn  understandtnff  ot 

the  process  occurring  daring  the  passage  of  a  rigid  wheel  oil  fl  sandy  soil.  Resu/ta 
of  erperimcntal  work  done  at  the  University  of  Michigan  ntP  presented. 

Various  toads  were  charged  on  a  given  wheel  runned  at  It  speed.  The  shapes 

ot  the  niounds  ol  sand  ahead  and  along  the  sides  o!  thf  produced  by  tA« 

movement  ot  the  wheel  were  measured. 

Wifh  a  small  pressure  transducer  on  the.  surface  of  lIlP  wheel  was  possible  to 
measure  the  distribution  oj  the  loading  on  the  wheel 

The  experiments  done  pointed  out  that  the  passage  ol  ff  wheel  does  not  only 
compact  but  rnoi’«j  the  sand.  The  assumption  of  both  effecU  has  little  inituence  upon 
the  theoretical  relationships  tor  sinkage,  drag.  etc.  provided  Iht  correct  avarage  values 
/or  the  soil  constants  are  employed. 


IntrodvcUon 

Till'  analvtii-iil  approai-li  to  tlii;  ivlationsliip  iH'lwri'ii  loail,  drag,  and 
sinkagi'  ut'  a  rigid  wlici'l  ha.si-d  on  the  soil  ii'lal  lti|i>>l'’>l>s  dcvclopod  by 
li.  Hfkki’i'  an-  oiitliiU'd  in  IJrl’s.  1-2.  The  n-sitlls  oluained  with  tlirsi* 
Iiii'IIuhIs  liavo  (•un.>iilci'alil(‘  ai-rurary,  (larlienlarly  a.s  ri'Oitrds  sinkage  in  sand'; 
Iho  pirdirti’d  valius,  liowovcr,  do  appear  to  diverge  lintli  al  high  and  low 
loads,  and  partieularly  .so  when  plastic  soils  are  eili|'b>yi'd.  The  necuraev 
obtained,  however,  is  snffieient  for  most  engineering  eviilpations  at  the  pre.si'nt 
liiiie  sinee  there  still  reiiiaiu  ni.iny  other  nnknow'iis  in  Ihe  .s<»il  relationship- 
Tliis  paper  is  an  attempt  to  conlribnlc  to  the  tllidei'Slanding  of  the 
fnndiiniental  nature  of  tlie  process  and  the  relationship  lietwi-en  the  variables, 
together  with  the  manner  in  whieli  the  .soil  moves  dilt'ing  the  passage  of  a 
rigid  wheel.  These  comments  pertain  to  the  usi,'  of  n  dry  .sand  as 

the  soil. 


•)  Ttii,i  pftper  W'n>  '»r'n;inul!v  prcpiircil  fi>r  1-nuit  I.oconuitlell  |.*»ts'Tnlory^  t  .  S,  .\ritiy 
Orilnnni'c  Tank  Auluiiiolive  CniiimRinl,  l>elroil,  Michigan. 

’•)  The  University  nf  Michigmi,  Ann  Art«or.  Michigan, 


Tlw  tlH>ory  of  wliwl  arffcW  a.-«iuiK's  that  the  soil  is  eomj>aeted 

vei-ti('ully  hy  the  passage  of  the  wlierJ  and  that  the  pressure  npninst  the 
wluvl  sui  lan-  at  any  depth  lieluw  the  swil  siirfnee  is  given  by  a  relation 

of  tlic  form  I‘  =  *'•)  cohesive  and 

fradioiial  ino<hili.  and  h  Is  tlie  iiardhyfst  dimension  of  the  lierametcr.  Such 
an  approach  lends  to  a  pivssurv  distrifwMion  of  the  form  shown  in  figure  1, 


were  ABCI)  n'|)reseiit.s  tlie  iiurinal  pu  ''  I'ted  on  the  wheel  I'aco 

to  pifiilueo  the  vertical  component  wlt<^s<’  value  is  given  by 


It  is  seen  thill  this  method  ot  ii<f;trh,  generally  altrihutisl  to  Bernstein 
;md  Letoshnev  results  in  a  diseoiil  iutii'.'’  *'*  'he  point  of  ground  coiitarl  D 
where,  iheori'tieally,  the  wheel  Iciives  the  surlaee.  Hut  suiTjiee  K  I'  is  also 
a  free  surfiiee,  ;inil  an  insliintiiiieoiis  il/eM,"''  of  stress,  at  the  snrfiiee.  of  tlie 
tv'pe  shown  does  not  iippoiir  reiisoiwilile  *inee  sinkage  rel.alive  to  K  1j  is  zero 
ill  1).  Although  llie  soil  in  this  region  eoii^iilered  to  have  lievn  coinpiieted 
by  the  piissiige  of  tlie  loiul  ami  thus  wit!  have  dilVelviit  values  of  i'lltl  k« 
eoinpared  with  tlie  original  soil,  any  sUfh  eliiinge  in  soil  pniperties  dors  not 
onl-r  into  the  reliitionsliips  developed.  .<‘romlI.v.  when  the  loads  are  liigli,  the 
sinkage  is  gi’Oiit,  wliicli  inciins  ihiit  soil  foiujvietion  would  be  of  omsideriible 
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ntagnilmb*.  Ilnwevt'r,  a  san«l  is  not  rradily  oomprcssibfp,  at  loast 

not  to  the  nMiniitsl  by  the  n-latioiisliips  {ri't  ii,  and,  observing  a  wheel 

ill  iiiotiiMi  thn>iij!li  a  ty|iic;d  dry  s.-iiul.  it  k  (iiiili*  a|i|iiirt-n(  that  ••ll'ccts  other 
thii:i  ^•^*ln  part  ion  do  exist.  It  is  ln-lievisl  that  some  enmpaetion  and/or  elasticity 
exist  at  littlU  loaiK  and  in  .such  eas«-.s  the  Jinalytieal  treatment  should  take 
this  into  ni’cmiiit.  I'lider  such  .stiiall  sinka^es  there  is  no  parficnlar  problem 
ill  tninspoftiiiji  lojids  of  such  ina^iitiidc  over  soils;  the  tronhlcs  all  begin 
when  sinkagi-  Iiegins  to  assume  csnisiderable  magniinde.  Tlie  elfi’cts  on  tl'.e 
the  sinkage  of  the  ivlos-l  do<‘s  not  pisxliKs-  a  corresponding  eompaetion  of  the  soil, 
over  a  isiiisiderahle  area  round  the  wheel  eoiilaet.  'I'his  of  course  moans  that 
the  siiikagi' of  the  wlusd  d»M-s  not  |»r4>dnce  a  eoris-spoiuling  j-ompaelion  of  the  siiil. 
When  motion  occurs,  this  htsiving  Is  Iraiismittisl  ahead  of  the  wheel  at  all 
tiimN,  approximately  along  tlu-  liiu“s  of  the  Kankine  theory,  hut  with  motion 
theiv  is  also  isiiisideralilc  bnlld<i/.ing  o«M-iiiring  ahead  of  the  wlieel  with  the 
is'snit  itial  a  s  Imw  wave*  is  for  d.  This  «  I«>w  ua\i‘v  in  llie  lase  ol  .siinil 
Imihls  lip  to  a  definite  form  amt  tne  slopes  of  the  surface  exceed  the  .ingle 
of  in'po.si'  of  the  .soil,  with  the  result  that  saml  on  to[>  of  the  wave  moves 
lnitli  fonvanl  jiihI  laterally  relative  to  the  wheel  so  that  the  displaced  sand 
is  eventually  dis|Mis*d  of  by  llowiiig  pavsi  the  sides  of  tl'.e  wheel  and  falling 
into  tile  nil  iH'hiiid  the  wheel  made  by  tin'  sinkago.  Thi'r(>  is  thus  a  (low 
proces.s  in  addition  ta  the  one  of  eonipaelion. 

Soini'  ei‘  these  facts  are  di.n-usMsI  in  ihlail  below,  and  the  n‘(jniiei!ients 
bir  a  tlusiry  are  establish  il  which  will  iinlieate  a  metliod  of  ap|iroac!i  with 
nmditions  elosi'r  to  those  aelually  existing  than  is  now  tlie  ease. 


Cycloidal  action 

Tn  a  tlieon-t ical  an.ilyvis  it  is  possible  to  assume  some  idr.ilizi-ii  conditions. 
!.el  it  Ih-  a.vsnmeil  tliat  it  Is  possible  for  a  lo'veil  wheel  loaded  with  a  weiglit 
nf  W  lb.  .sinking  to  a  depth  of  V.  in.,  to  roll  wllhont  slipping  on  the  soil 
(experimi  nt  li.is  indieatnl  slippagt'  04vni-s  even  at  (piite  light  lonvls). 

I'nder  Mieli  assiinijitions,  it  follows  that  a  particle  of  soil  loe.ited  in  the 
fn-e  snifai'4-  of  the  sand,  at  point  «a>  of  lignre  ~.  will  Ita'cl  along  the  j'atli 
a  a'  a",  a  portion  of  a  evidoid.  Thus  the  soil  is  coiopai  ted  the  vertical  distam'C 
ah  and  lmlldox4s|  a  hori/.onlal  dislaiiis*  ba". 

Tile  e(jiialion  for  thi'  path  aa"  is  given  by 


.1  ”  I)/2  |H  —  sill  w) 
y  --  R/2  (I  —  4  4.s(-i) 


(1) 


Let  the  whnd  lie  rolatnl  one  revolution  from  )iosilion  .\  to  R.  Tlieti  the 
.S4>il  at  a'  will  have  work  dour  on  it  in  moving  iioni  a'  to  a";  n  corii'sponding 
jiarticle  with  the  wheel  at  iKisition  B  ha.s  already  Innl  work  done  on  it  from  in 
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to  a*,  or  a  tulnl  (listiiiun'  of  mi";  <M)ii>>i*t*'i-:itiuii  of  all  ollirr  piu'ticlcs  will  also 
show  that  tlu'  work  <loiu'  in  oni'  roiiiphto  revolution  of  the  wheel  is  that 
of  ovt-rroiniiig  the  ri-sistaiu-e  ahin<r  the  fomplcte  path  sueli  as  r  e'  »•".  It  follows 
that  the  work  tlone  on  the  soil  eeln?  in  one  revolution  is  the  same  as  that 
ilone  on  a  r>'et:iii*:ular  hlin-k  cilif;.  In  rlVecl  the  hlock  e<ir<;  is  luoveil  forwaisl 
the  (lislaliis*  lia"  aiiil  ilepiv-ssnl  thl'olltih  the  vertii-al  ilislaius'  ah. 

The  above  inelltotl  of  appioai-h  tjoes  not  take  into  account  any  flow  post 
the  wheel,  but  ihxvs  show  how  a  « how  wave »  eaii  1h'  forinetl  despite  the 
assumption  of  eoiupaetion  only.  This  analysis  perhaps  repre.sents  the  process 
for  small  sinkat^-.s  with  some  ilepree  of  oeeiiraey,  thouijh  even  the  sniallcst 
sinkaHOH  tend  to  sluiw  s<iaie  siiiall  deftree  of  How. 


A  » 


C'oiisiiliT  the  ahiive  apio’oaeh  in  a  little  irreatcr  detail: 

On  th^*- present  {reneral  assinnption,  that  the  siwnl  ahead  ot  the  wheel 
is  nndislurlK  il  as  far  as  wheel  aelioii  in  eoneeriieil.  the  liol  i/outal  eniDpolient 
of  tile  eyeloid.il  motion  ol  the  soil  llinsl  all  he  aeeonnted  for  hy  eoinpaetion. 
rnh>vs  eoinpaetion  exists  to  the  deuire  assumed,  the  hori/ontal  dlspl.ieeinent 
j'nKineeil  hy  the  eyeloidal  motion  inii’t  nssnlt  in  a  lieaviii"  of  the  soil  alicad 
of  the  wheel  and  the  elTeelive  value  of  Z  will  ehanoe.  If  eoinpaetion  were 
/elM.  .1  volume  of  saiul  eipial  to  tlial  piveii  in  l-ai.  fj)  must  he  ilisplaeed  ahead 
of  the  wheel. 

ll-.rizoiitHl  .lispliieeiiielil  -  li/.-l)  <ii  ia/iev  pi) 

With  ziTO  eoinpaetion.  flow  ol  the  saiul  must  oeeiir  past  the  wlieel 
iinifurmly  aloiiji  tl.e  length  of  the  palli;  it  follows  that  the  area  of  the  moumis 
piiHlneed,  aliove  the  original  soil  Hiilfaee,  at  the  eeiiler  of  the  wheel  must 
have  a  total  ero.s.s..seetio'ial  area  given  hy ; 

hZrrl) 
rrl) 

-  hZ  .-.q  ill.  p{) 


Cro?vS-M'<’lioiiiil  urea 


This  is  illa.stmtcd  in  figure  ;h  iMir  this  »o  *)crur,  tlie  li<il|<1<)z;ng  effeet 
must  Iniild  up  a  Imw  wjivo  .sufficient  nuigniluJo  so  that  fl<w  of  the  sand 
in  the  lateral  tlirection  of  the  wlns-l  must  <HTur  at  the  same  mtc  ns  it  is 
displaeinl,  aiul  the  how  wave  ahead  of  the  whis‘1  must  have  inclined  sides 
at  an  angle  grisiter  than  <!•  {the  nnule  of  repose);  then  (low  of  the  .sjind  will 
occur  Iwtli  in  the  direction  of  motion  and  at  right  angles  to  it. 

On  tile  assnioplioii  that  eoinpai-lion  dm-s  exist  to  some  c.xteiit,  tint  of 
insnflii-ieiit  magnitude  to  account  for  the  total  displacement  hy  the  wheel, 
wo  ean  write ; 

Tdal  iVeptai  eiiieiit  =  t"eiii|>m  Imn  4  lluw  ■  , 

=  liZa’l)  «o  in./rev  <4) 
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To  express  the  eomi-aelion  factor  in  terms  of  W.  h/,  1),  ete.,  inueh  more 
would  have  to  he  known  ivganling  soils  than  is  ilie  case  at  the  pre.si'nt 
time  sueh  ns: 

1)  depth  of  s<'il  affectcsl  by  the  load; 

*2)  di'grce  of  eompaetioii  piissihle  for  the  soil  in  <|Ui'stion; 

3)  the  maximum  load  prcssuie  applied  to  the  soil  by  load  \V; 

4)  elfeets  of  load  on  smrouiidii'g  soil  as  well  as  tliat  inimcdialoly 
Ix'low  tread. 

Pri'sent  evideiu-e  ilidicatcs  that  compaitiun  is  of  latli.'i'  sm.-dl  magnitude, 
e.g..  a  lightly  loadml  wheel  lasting  on  the  surface  of  sand  docs  sink  a  small 
amount,  but  at  the  same  time  the  soil  round  the  wheel  also  lusues  to  a  small 
extent  di'siiile  the  low  load. 

Kittle  iskiuiv.il  about  the  niaxiinniii  loisil  soil  stress,  item  ’,  at  the  present 
time.  Pel  iistein’s  relal ioie.hips  gi\i'  .a  di..! ribution  of  the  t.' pe  shown  in 
figure  1.  with  a  iu.iximm'i  eipi.d  In  Iht'.  m  eurring  under  the  eeiiierline  of  the 
wheel-  however,  as  alrradv  not-.-d  siu'i  .i  distribution  of  stie.ss  does  not  s»-eiil 


tt»  l)e  n  s<>h»lK»t  h?  jtHnal  T*>  si|*|>r*»ni-h  thw  pnibleni  a.-*  a  wholr, 

it  bocoinos  nonssjiry  to  obtain  inforniation  rxpaftlinK  the  rotative  cffocts  of 
flow  aiul  roinpaotion  t<>^rl•ttu'l•  with  ttif  stivss  jiattom  ovor  the  Ioad-1>oaring 
siiifiioo  of  tlio  wlu'i*!.  Sumo  pit-tiiiiiiiiiiA'  Jest  work  wa»  oarriod  out  at  The 
I'nivorMly  of  Miohit’aii  uinh-r  the  auspioo*  of  the  OflRee  of  Ordnance  Rcs«‘arch 
to  provide  some  answers  to  this  prolileni.  witli  the  following  residta. 

Flow  of  8&ud  past  a  rigid  wheel 

A  iiuioIh'I'  of  tests  Were  run  at  various  loads  with  a  given  wln-rl  towed 
at  given  speeds,  and  the  shape  of  the  mounds  of  s«u»d  left  as  a  n^sidt  of  the 
motion  wore  nieasured.  Tlie  sl»ap<>s  measured  ahead  of  and  along  the  siiles 
of  the  wheel  were  those  left  when  the  wheel  had  Ims-ii  brought  to  rest;  thus 
tliey  (liffer  sliglitly  fr<iin  lliose  exisiiio*  wlien  in  nelual  motion. 

The  wlieel  ein|ilriyiil  in  these  tests  was  n  mmb-l  l‘2-l/‘2-in.  diameter  with 
a  faeo  of  3  1/2  in.  oi'  an  aspect  ratio  of  «  =  0.2/t.  It  was  bhnhsl  with  25,  50, 
and  1(X)  lb,  rospeeti\ ely. 

If  the  rut  b'fl  behind  the  wheel  during  its  normal  mi.tion  is  eonsidcretl 
(in  this  ease  the  results  do  represiiit  the  ai-tttal  ri suits  i)rjMlueed  by  the  wImtI 
and  its  load  when  moving  at  veloeity),  tract's  siieb  as  those  shown  in  figure  4 
(a,  b.  and  e  for  loads  of  2a,  .'lO,  and  100  lb,  respect ively)  art*  obtained. 

To  e.stiiuate  the  aitpuisiiiiate  displaeeiiit  iits  of  the  sand,  the  shape  of 
the  mounds  wore  coiisidensl  to  consist  of  lliit  stirfaet's  extended  so  that  the 
intofsection  ef  tlte  sloping  surfaces  was  ;it  a  point  in  itlaro  of  the  actual 
iiHinded  eondilioii  of  the  mouiitl  itself.  The  error  introtUieod  by  this  approxi- 
tnation  is  eoiisidered  to  be  small.  By  enleularum  jl  can  be  shown  that: 

v"'  ll'/ieel  Un[il  eJ  lb 

Aren  of  snnvl  ulmw  origiiml  voil  «urfaee  -  2.0  <«j.  ui. 

Area  ot  Iruugh  in  sjiod  lich.w  origiiuil  si>it  sorl'aif  -  2Aa  mj.  in. 

I'einpiirliuii  --  0.;So  sf\.  in. 

Angle  <1),  =  ;t2'  njipro.s 

Angle  il>;  14“  iijiprox 

Wheel  hmil  =  JO  lb. 

.Vren  of  sntinl  nhnve  origiiml  soil  sorl'n-.  f  =  2.^1  .sq.  in. 

Aren  of  Irongli  in  sninl  lielots  iirigiiii)l  soil  surfme  -  3.02  sij.  iu. 

roiiipavtiim  ~  0.21  stp  in. 

Anglo  tl),  •—  ;V2"  npjii'o.x 

Angle  (J>j  =  24"  nppro.s 

n'Jiert  Ion, I  =  100  lb. 

.Area  of  sninl  nimve  origini'l  soil  surfiiee  =  2,70  mj.  in 

•Area  of  Irongli  in  sninl  lieluw  origiiinl  soil  rurfm-e  4.0S  sq.  in. 

Co'np.'wlioii  ~  13)2  s<j.  in. 

.Angle  ih,  —  30“  nppmv 

.Angle  <l‘j  -  33“  approx 
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If  the  M'l'tion  of  llip  moiitul  nt  the  vpr'ioa)  ppiitrrlirir  of  the  wlipcl  is 
consi(lci-<sI,  tlio  .soil  siirfn<n?  appciirs  as  slimvn  in  fij;inTS  ">  a  ami  1)  for  tho 
r>0  ami  100  111,  rpspmtivply.  ('alculatinp  llu-  an'.i  of  tlio  .saml  pilirl  above 
the  original  siirfaee  of  !he  soil  in  thi.s  eas4>  an  1  voiiiiiai iiig  it  with  the  nii'a 
displacwl  by  the  wheel  sinkage.  the  followin;'  is  obtained; 


Are*  of 

Motuid, 


Ar0«  cf 
Dlf^Uceuvbt, 


DifTfMnct. 


T 


Fig.  (i.  —  I'vj-iinl  *  bim’  wnvr* 


T.’ikiiif;  till*  iliinriisiiiii.s  of  tin*  Imw  wavi*  sluiivii  in  rifiiiios  (5  a  aiul  l>  foi* 
the  two  III, -Ills  it)  ((iH'slion,  we  oht.iiii: 


I/Otd, 

Vol  Of  f^and  Id 

Eif-plac^mml  of  V»iieol 

lb 

Wave.  CO  In. 

p«r  I  111.  Tr.-\vel,  Iq. 

"Ml 

too 

1.>.7 

0.7 

Tt  is  ,si’i*!i  tlint  the  how  wom*  .iiiim.ivs  to  hi*  a|ipn)sllii.'itely  thvoe  times  the 
rate  ol  ilisjilaeenieut  of  the  wliiel  |ier  !  in.  of  forward  Hint i. .a  to 
sofTieient  slojii-  to  iiiiliale  the  lateral  motion  in'i-essary  for  Ilow  round  the  wheel. 

Comi'arinp  the  hiphis  of  the  iiioiinds  ahead  idnnp  the  sides  of  the  wh.eel, 
it  is  seen  that  the  wave  has  h-dphts  of  I'.d  in.  and  1  in  iT'.]ieet  h  ely,  while 


the  sitlos  arc  1.6  in.  and  2.0  if*.-  wliih*  the  inontid  behind  the  wheel  nmomit 
to  0.85  and  0.0;  there  is  a  head  to  prothieo  the  neeossiiry  flow. 

In  addition,  tlie  flow  pa.sf  the  wheel  is  seen  to  Im‘  roughly  a  constant 
aMioimf  less  than  the  wlns'I  dj.?/diieeinrnt.  This  could  Ik*  a  measure  of  the 
eompaetion  of  the  sjitul  and  indh'»des  that  euinjtaetion  is  only  slightly  afTcrtod 
by  the  change  of  nia.sinuiin  pre-viiure  to  which  the  sand  is  subjected,  from 
alHj\it  3  to  4-1/2  jisi.  in  this  eas^‘,  rather  small  change.  The  niain  increase 
in  load-carrying  eap:iciiy  appe.-irs  to  come  from  the  ini-iTasing  area  of  contact 
ol'  the  wheel  with  the  s,ind  as  a  t>'s^nlt  of  .additional  sijikage. 

fiOi)king  at  the  p.iitern  iK-iiif)*!  the  wheel,  the  soil  <lispTa«'<“d  above  the 
original  surface  i.s  in  general  what  sin.aller  than  the  rut  left  by  the 

wheel,  again  indicating  that  sni„i>  eompaetion  is  occurring;  at  the  high  load, 
a  considcrahh'  dillju'cncc  exists  Iwhind  tlii*  wheel,  despite  reasona))le  agreentent 
ot  the  volumes  when  comp.ired  at  the  vertical  center  line  of  the  wheel. 

It  .should  be  emjihasi/cd  .•■.gain  that  aeeurato  reading  of  the  <Iiinensio>is  b 
diflicult  and  the  high  loail  icsiilts-  could  be  in  errt>r. 

It  follows  that  ihc  theory  j)i;-aimiiig  eompaetion  of  the  soil  alone  under 
the  .netion  of  the  wheel  iloi  s  not  reliri  'cul  the  ca.se  with  aeeurae.v.  h'low  roiiiid 

the  wlu'el  in  the  i  ;t.se  of  a  dry  »anil  appgiirs  to  l)c  of  gre;iter  imporlanee. 

It  is  ap|>reeiated  that  vastly  (liffcjcnt  eonditions  may  exist  in  the  ease  of  a 
phsstie  soil.  'Die  efi'eel.s  of  this  eloi/igc  in  nature  (if  tln‘  process  on  the  ])res«'nt 
systcin  of  ciilcnliit itttts  for  loiid.  drag,  sinkage,  c'e..  will  he  diseusseil  later. 

Stress  p.att^ra  on  wheel  surface 

To  ineasiitv  the  ticlital  loadiftg  P'-r  »niit  area  on  the  face  of  the  whis-l, 
.•I  siiiall  iifcssufe  tfatisdticcf  was  it(*lalled  iti  the  snrf.Ke  of  the  wheel,  eimsisting 
of  a  plunger  fl/4-in.  iliaioi  tei)  pltachcd  to  ,i  difMtcniial  I ransfortner  ineor- 
pora.ted  into  att  apjiropriate  cii('<iil  whose  output  was  led  to  a  recorder 
that  a  trace  i>ro|>orl i'.'tial  to  ttii-  vari.ttion  of  the  load  on  ilto  ji'nngcr  cotild 
Ik*  obtained.  .V  true  iioint  reading  )>  not  sicufcd  hut  at  least  tlie  load  recorded 
is  fairly  typical  of  the  .lelual  vtifiatioiis  of  the  stress. 

l'’ignres  7,  .S  and  !)  show  tlie  ti.-nlts  obtained,  the  (ir.st  ivith  the  jiressitrc.s 
jdotted  fottnd  the  stitf.iee  of  tlie  ''i'cel  showing  the  lo.ided  areti,  the  second 
with  the  same  data  jilotled  on  an  cNpaiided  aiignlar  base.  The  wheel  cmployrsl 
in  tlie.se  tests  was  12-1  2-in.  diaim  ler  with  ti  face  width  of  6-12  in.  or  an 
a-poet  ratio  of  a  -  n..'i2.  I''iginc  7  .show.s  the  pressures  with  the  pick  tip  at 
the  center  of  the  wheel  face  wlo'ie  the  motion  can  he  oonsidered  two- 
dimensional,  while  ligtne  !>  shows  the  etVeets  of  nlaeitig  it  near  the  edge  of 
tin;  rvheel  where  three-dinietision/il  (low  is  itndouhledly  oe.uirring.  ('oinj)ari<on 
of  the  diagram  shows  a  ilefinite  change  in  the  disti  ihution  of  pre.ssurc  for 
the  Ivvo  positions,  lint  it  dois  imf  .iiipear  to  be  of  a  serion.s  nature  for  the 
loei'tions  recorded.  In  what  follow*,  the  ei-ntral  loi.-iiimi  only  will  he  emidoyed 
.:i:(i  the  laolion  of  the  sand  is  eoM'alef(*d  to  be  of  a  two-dimensional  iiatui'C. 
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diu'  tliitij;  is  immediiitoly  ;i{i|>:irnit  froin  fioun'  7  tluit  lliori-  is  a  tlvfinitc 
flianfn*  ill  tile  sircss  ji.-U'ci'ii  Ih-Uv*-i-ii  i1u‘  li^rlil  laaik  willi  sniail  siiikage, 

and  tlu'  lusiviiT  loads  wlion.-  sinkago  and  oDnipaotion  are  oi-cal. 

KMiinine  llie  sfress  diagram  ihe  10.  and  loads.  Stress  begins 

at  13-1/2*  Ijefor*'  \ertieal  and  emls  at  iri-l,’/'  al't.'r  for  tlie  10-lb  load,  and 

at  20’  and  l'»*  for  the  2<)-lli  bjad.  Tbese  \alnes  indieates  a  roiigldy  clastic 

inedinni  with  little  if  any  periiiaiieiil  ^•oln|)a^■I ion  of  the  .soil  altbouRb  a  very 
shallow  rut  is  left  Ihdiind.  At  smli  light  loads  extremely  small  differences 
in  soil  levid  and  .small  eriurs  in  the  instiumeiitation  eonid  aeeuimt  for  the 
dilferonees  in  angular  rvnti'el  In-fore  and  after  the  eenterlino.  Those  loads 
are  aeeonipanied  by  a  iniximuin  .^dl  .stress  of  1.22  and  l.fi  jisi.  respectively. 

The  remaining  diagnniis,  for  tlu'  40  ,  HO-,  and  100-11)  loads,  show  a 

stres-s  jiattern  as  follow.s.. 
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Thi*  siiil  uo  loun^'i'  m»|K>ai‘s  olastic  tu  any  grv'ut  p.'itout;  in  fact,  the  point 
of  wheel  eontact  ontls,  for  all  practifal  purposes,  at  one  constant  angle,  7*,  if  the 
stts'ss  c'.irves  arc  avcraginl  out  by  using  a  straight  lino  for  the  trailing  side 
of  the  pressure  curves,  which  fig.  8  iiulieates  as  a  jiossibility.  Bt'forc  any  general 
conelnsioiis  arc  drawn,  a  iimre  dtdailcd  in\ est igation  of  the  loadings  is  tii'cessary. 

0ia*l2.3  width  •  6  S  Atpaci  ftotio  •  0.52 
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l.et  ustwniuino  the  loails  applied  lo  llie  wlieel  when  in  motion.  Those  consist 
of  tile  apiilied  vortical  load,  W  11).  plus  the  linri/.outal  drag  of  the  wheel,  II  lb, 
nec'ssary  to  overeoine  the  rolling  resistaiieo.  It  follows  that  there  is  a  resultant 
fon-e,  U  11),  aeting  at  .some  angle  *•)'  to  the  vertical  as  shown  in  fig.  10.  With 
re.speet  to  tlii.s  resultant  load,  at-ting  (hiring  motion  of  the  wheel,  the  angular 
|)v)bitious  of  begiuiiing  and  end  of  the  ])ressure  ditigrams  bceonic : 


Load 

3tr«tiji  Echini 
Degrees 
UesQjuiDt  E 
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Eieli  Dterooa 
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ronsulorntiun  of  the  roii«UtionH  ijihUt  which  the  soil  is  openitiiitt  itmfcr 
n  n»llinp  wliwl  iiulicnte.H  th.it  some  viiriiition  in  the  viiliie  of  llic  soil  roiistiints 
is  to  Ik.'  ex|M‘eti>d  fH'forf  «ml  after  it>a(1iiip.  As  tlic  wheel  rolls  foiwiird,  tlie 
nneoinptielisl  soil  near  the  s«i-fa»s*  is  hiiuled  oinl  cotiipn<-tion  results,  iiu-reiising 
prvsuiunhly  up  to  the  |>oiiit  where  tlie  sin-ss  re.iehes  a  luaxiiinun.  Further  ro¬ 
tation  of  the  whes'I  r4tniiiiii«‘s  the  displaeiMiieiit  of  the  soil  downward,  if  com- 
piuMiun  is  tin*  only  inotliiHl  in  f4irre,  not  with  inereasinp  stress  as  is  penerally 


pn'ssliro,  li:is  uiio  stt  of  .■soil  pitipt  i  lti-s,  and  a  diffi  if  iit  set  of  values  alter  the 
peak  is  r>'aelu‘d  vt!\at  is,  the  soil  coin aaei ion  has  reached  its  limits  for  the 
load  ill  i|Uestion  at  the  |nak  stress  and  despite  lurthef  sinkage,  ivlative  to 
the  original  soil  .snrlaee,  there  is  a  lednetioii  of  stress),  eah  ulations  were  made 
for  the  values  of  k  and  ii  for  the  eiirvi  s  of  piessnie  In  fore  ami  after  the  peak 
prcs-snie  with  the  insults  sli.wn  in  the  table  lielow  and  in  tig.  13: 
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The  iiieltaHl  of  plotting  was  that  the  point  of  eonl.iet  of  the  original  v)il 
siirfaee  wiili  tljo  wheel  at  A  of  tig.  I'Jh  formed  the  refi  reiiee  for  the  values 
of  p  and  Z  from  whieli  k  and  n  were  JetcrmiiuJ  while  the  point  C  of  the 
eoni|>aeted  siu'faee'  CU  was  employed  for  a  sinkii<'e  referenei;  for  ki  and  iij, 
Z  being  measured  along  the  line  of  (.)(■  normal  to  A1‘,  ami  the  zero  for  Z 
being  K  in  the  niieonipaetetl  case  and  F  for  the  eomiiacled  noriiun  of  the  curve. 
•In  ciVeel,  tlic  soil  eonlaet  with  the  uheel  Was  that  nrovided  hy  a  statie  wheel 
loniU'd  with  the  lesiiltant  foiee  J{  along  Ot!  hnt  with  two  ilil'feis-nt  soil 
properties,  one  on  each  side  of  the  line  of  applieation  of 'the  loud.  ■'  '  j 

The  log-log  ]dots  of  the  -10-,  (iO,  and  JOO-lh  loadings  eonld  ho  averaged 
into  the  relationship  given  by  p,  --  J3.0  Zj '  with  leasmiahle  aecnracy  Imt  in 
tile  vase  of  the  k  and  n  values  only  «  ii  »  eonld  he  averaged  willi  a  imsh-rate 
ilegrec  of  accur.'U'.v  at  the  value  of  n  •-  1.42;  the  k's  ajipenred  to  have  a  definite 
variabh'  value  with  the  loatl.  Tlie  10-  ami  2011)  loads  eonld  he  leiurseiited  l),v 
the  relalioiiships ;  p  -  7.0  Z"-';  p,  7.0  Z'^  within  ;i  reaseuahle  ern.'r. 

The  original  uiie<im[).'ieted  soil  teste<l  hy  tlte  lievanieter  gave  an  average 
of  p  —  3,5t  Z' '.  Thus  the  figtiivs  in  lli  above  eonlirm  soiiil'  changes  in  the 
values  of  k  and  ii  as  stress  is  api'lied.  In  faiM.  the  h'g  iog  jihas  under  the  v.irious 
loads  did  iiulietite  a  gradual  dep.irliire  from  the  straight-line  relationship  as 
the  stress  aiipro.iehed  the  maNiinuni  value,  indicating  a  eontinued  inere.iso 
ill  «  n  »  with  tile  stie.ss. 

To  estahli.sli  and  eluek  this  idea,  a  h<-vameter  test  was  earried  out  on  the 
original  .soil  and  again  after  the  passage  of  .-i  loadi-tl  wlieel,  tlie  values  t.if  k 
and  11  obtained  are  shown  Kdow. 
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Soil  reaction 

The  aiipliciilii'  of  an  cst«  riial  load  and  drap  to  a  wlieel  result  in  n  resultant 
load  of  R  11)  at  some  angle  e*  fo  the  vertical  and  must  of  course  induce  an 
eiiuivnleiit  reaction  in  the  as  repis'seuted  by  the  load  diagrams  of  figs.  T, 
8,  and  9. 

To  ehecl:  bow  closely  this  measured  l■caction  agrccil  with  the  load  applied, 
the  aveiT.gi'  load  per  siiitaiv  iiicli  o|  cuiilact  area  and  its  point  of  application 
was  ohiained  tmm  three  4if  t(i<*  ili;:praius  with  tlic  following  results. 
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In  vii'vv  of  all  the  various  factors  involvisl,  the  agreement  iK'tweeii  the 
hiad  atul  the  nieasursd  reaction  can  he  eonsiilcied  reasonable. 


Effect  of  friction  ou  soil  reaction 

In  the  aetnal  ease  with  motion,  there  is  an  iidiiitiima!  force  involved: 
friction  V'iiielt  results  frotn  the  slipjmge  oeeurring  between  the  wheel  and  sand. 
This  fore*-  is  of  course  mitnal  to  the  vviice!  surf.tee  at  nil  points  and  would 
r.snlt  in  :voine  naxlifieation  of  llie  supporting  forces  and  the  resultant  point 
of  application. 

Ttst"  V  ere  nm  to  tlet^-rmiric  tin  inagnitnde  of  tin;  tnngcutial  force  nrees- 
sjiry  to  entise  slip  of  a  rigid  wt  icl  umicr  various  loads  ^  These  tests  indieiite 
t'l.st  an  avera.^e  valiii'  for  the  «".  fticii  iit  of  friction  to  he  c.spected  is  of  the  order 
of  D.iS;  lu'Wever,  the  relatioU'liip  1-’  -■  aW  tlecs  not  lejucsent  the  rcsulis  too 
wtdl,  part icularly  at  I'-igh  loaos  where  liie  siiikage  is  large.  However,  using 
this  relatiuiiship  for  simplicity,  when  friction  is  addetl  to  the  railial  ju'cssurcs 
the  eonibi'ied  resultant  soil  f<»rci  s  lieeome.  for  the  10i)-ll)  h.iad  ; 

K«>uU>[it  Soil  Eciw'.lon,  lb 

1 1-.'.;  '.ni.2 

i\Iue!i  more  would  li.ivc  to  l.s-  known  'ijrarding  the  variation  of  tl;e  frietional 
force,  with  pressiti'e  betore  an  aeciuate  I'stnnate  of  the  resultant  reaction  of 
tile  Soil  and  its  diicetioo  of  applh-aliou  on  the  vvlieel  snrfaec  is  known. 
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Discussion 

Tho  I'xpi't  intriitjil  work  rcx>ortrd  liort*  rstulilishos  that  the  passago  of  a 
wIkx'I  ovrr  a  «li’y  jhiiuI  iIoi'H  not  n“sult  in  c*>niipactioii  of  the  soil  alone;  there  is 
coiisiderahle  (low  arountl  the  wht-ol.  The  tbiDries  in  m-neml  use  at  present 
assuiire  the  former  only,  thus  the  ipiestion  arises  how  aeeuralely  the  re- 
latitiiiships  ilevehiped  by  the  use  of  compart  ion  alone  a;'rpc  with  the  actual  case. 

Tl;e  results  reportisl  hen'  indicate  a  change  in  the  elTr-etive  v.alncs  of  k 

and  n  with  load  from  a  value  of  idrout  H.O  and  0.^!')  for  the  10-lb  load,  to  1.6 

and  l.f),  respectively,  at  the  higher  loads. 

The  rcsulte  is  that  the  ealetdated  theoretical  sink,'it;e  at  low  loads  will 
1k'  hij:her.  and  at  the  hi;;h  h>ads  lower,  thaw  the  values  (V*l<‘rniined  hy  the 
present  llieoiy  with  n  '•  eoiistanl  1.0  to  l.d.  Comparison  of  thi'.s4-  n-sults 
with  Kef.  2  indieate.s  that  the  eorjeelions  ;ire  in  the  riejit  din'etioii,  with  the 
restdf  lliat  ('X|)e»  inieiit  and  theory  will  aKree  to  a  higher  dcfiree  of  accuracy 
thati  is  now  the  ease,  at  least  for  sand. 

One  other  as  pet  t  of  this  ehan"«-  fiom  conijiaetion  to  flow  with  compaction 

are  the  effeels  that  will  he  introdueed  into  deierminiiiR  the  dra"  forces,  etc. 

The  drap  if  present  is  obtained  theoretii  all.v  hy  (‘qu.TtiiiR  the  work  done  on  the 
wheel  hy  he  towiiiR  <leviee,  to  the  work  of  soil  I'ompression.  In  acttial  practice, 
soil  flow  (in  the  case  of  .s,'ind)  appears  to  1m'  ihc  major  factor,  in  place  of 
compaction.  \Vitli  How  it  has  hei-n  shown  that  the  pres.sure  nRainst  the  wheel 
snrfaee  is  still  of  the  form  1'  “  kZ"  as  with  the  cunii)action  theory;  thus,  using 
values  of  «k>  ;ind  «n»  which  do  represi'iit  thi>  aetii.il  rondiliotis  o>i  the  wheel 
suiTacc,  the  forces  to  move  the  wheel  must  he  tin-  same,  and  the  work  done  is 
unclninged,  whether  eompaelion  or  How  ri  snlls.  The  eoi  reel  solnlioii  to  the 
analytical  prohleni  appisirs  to  depend  more  on  the  values  of  «[  k  >  and  «n» 
existiiiR  in  I'lactiee  than  on  the  exaet  nature  of  'he  jirocess  ilsi-lf.  The  variation 
of  the  parainelers  from  the  Hekker  :J.>il  v;iliie  .system  is  s\ifneieiitly  limitisl  to 
jicrmit  the  use  of  siiitahle  i-orieetioii  factors,  hut  moie  must  be  learned  iihout 
n  w:dcr  rai;oe  of  soils  and  wheels  to  obtain  such  factors.  Tn  fact,  it  is  sug- 
ge-ited  that  the  values  of  k  ;ind  ii  <lepend  on  the  stale  of  slr^'s-s  of  the  soil, 
as  Well  iis  on  its  gener;d  physical  i>riipert ics.  Tests  for  soils  iii'opcrties  under 
a  Aariah’e  applied  stress  ;ire  phimied,  with  llu’  applied  stre.ss  Ix-iii;.'  of  ;i  fh-xihle 
nature  so  that  similar  lusiving  of  the  soil,  etc.,  can  occur  as  with  present  lest 
]>rocediircs. 

The  v.'iriahle  \alue  of  «n»  with  hmd  does  not  simplify  the  pixihlem. 
Aetnally,  it  is  isiiher  tiie  opi'o.site :  it  indicates  .soil  in'oiierties  th;it  are  a 
function  of  the  ap|ilied  stress,  ;ini1  the  eumi'lieations  In  handling  the  aiial.vtieal 
poi-tion  of  the  prohleni  will  he  mult ijdied.  I’crliairs  this  is  not  too  iniimrtant  in 
these  days  of  conipiilers,  hut  it  would  he  a  prohleni  fur  caleiilafions  hy  any 
other  iiieims. 

Many  more  tests  will  he  urcessiiey  liefore  the  eliaiigcs  indicaterl  here  e.Tn 


be  acciptoil  for  Ki'Mcral  applii'.ition,  test*  «»•>■  *>f  •he  soil  itself  but  also 
of  tlio  brntliiif;  ci'iMtcil  by  tbe  wliecl  anil  Ibrlf  ••ffcrls  on  soil  piopcftios. 

It  may  Ix'  assunnsl  that  s*mI  pi'0|M>rli«*s  bavi*  to  1h‘  stvuitsl  under  vaiious 
stri'ss  Icvi'Ih  ns  iudii-atnl  als»vo  to  pnKitsl  with  any  aciurate  theory  or  calcu¬ 
lations;  however,  it  lias  alri'ady  b«s‘ii  sliuuil  that  the  soil  piioperties  as  inea- 
sun'll  by  the  Uekkep  system  do  nive  results  wilhin  the  reiiiiiivd  limits  for  many 
tioiierul  eiiniius'riiijjr  pnihlents. 

ConclnsiolU 

As  a  irsnlt  of  this  work,  it  can  In?  roiielllded  that,  for  a  towed  wheel  in 
a  dry  sand  • 

5)  (.'ompiietion  cTTecis  are  small. 

2)  Flow  of  sand  oeeurs  as  a  result  of  l»lllhh)/.in;>  formin;?  a  «  how  wave  ». 

■1)  The  (Uiiinal  luvssiuv  of  the  sjiiid  ji(/ilinsl  the  siifiaee  of  a  ri;iid  wheel 
is  of  the  form  p  --  kZ“. 

4)  The  pressure  of  the  sand  oil  the  /ilirfaee  of  a  rifrid  wlicel  can  liest 
he  re|)ieseiited  he  two  M-ts  of  soil  valin-s.  iiiie  diirin;;  the  compaction  pimsc, 
and  the  otlier  as  the  stress  Ls  relievisl. 

5)  The  as,siunptiou  of  either  comi>arlii>|i  <»*■  dow  has  little  iffect  iijjon 
the  theoretical  relationships  for  sinkajje,  driiK*  provided  the  correct  avc- 
rai^e  values  for  the  soil  eonsiaiits  are  eiMjiln/ed. 

0}  No  assumptions  an-  made  in  the  Is-viiiiieter  test  coiieernint;  compaction 
or  flow;  thus  the  ttse  of  tin-  soil  eotistaiit  fol*  ritlier  protcss  appears  h'tjitituntc. 

7)  Aekuowledirinc  ilow  the  main  pnasss  for  the  conditions  considered 
ofl'ei-s  a  mure  icalistie  aiiproai-h  to  the  proldclil  without  throwiii<;  out  all  existing 
■’'lal.’ses. 

'h' X^UVlJ-JXi.Mh'STS.  The  .\iilIiof  «^l■l)ll's  lo  lluoik  the  Itlliie  of  Onlmiiu-o 
Hr-eanli  for  Millport  pii>viili-.l  wliuli  prnuillisl  llh»  work  to  he  nirrieil  out,  luul  to  the 
followiii;;  perMiaiul  who  voiil rihiileil  ihvir  liim’  111  the  eoiiihict  of  the  vnr'.ous  tests: 
H.  11.  Illi'ks,  A.  .t.  .lahiiMM).  aiol  I.coiiiinl. 

This  Work  ivas  p.-itornnsl  for  l.ioul  tjsoiilolioii  I Jils'rntory,  f.  S,  .\rmy  Urd- 
naace  Tank  AotoaioMve  I'oinniund. 
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DISC u s s I  0 y 

Z.  JANOSL  —  Tli^  l>ros4>ii*.ii ion  trivoii  hy  Professor  Viiicfiit  is  of  great 
signifiearirr  herause  it  nurovers  a  l'»nney  thiii  tins  hinilcreJ  the  np]iHc'nlion  of 
niinU'lirnl  iiiethotls  estahlished  in  tlic  pnst. 

Tlie  |Mr*~»sunr  ilistrihiilion  niitler  n  wheel  ha.'t  been  nssmnetl  to  follow,  n  rrht- 
tionship  i>f  the  form  p  =  k**. 

Accor4liii‘;  to  test  resuIlK  ohlniHOtf  by  the  speiiker,  for  to«f(l  wheels  the  rc.siiltant 
of  the  vertimi  renrtion  prrssitrcs  nets  nhcntl  of  Ihiit  uhtniiit'd  hy  the  theory.  Hence, 
the  iiingiiitiide  of  the  motion  re.sistniiee  will  ho  grenter  tlinii  thiit  olitiiiiiPkl  by  tnciins 
of  ispiatioii.s  (terirrsl  for  the  .so-e»lle<l  eniiijiiiction  resi.stnnee.  This  is  fiiliy  siip|Hirte(i 
by  p.\|>rrliiiental  olisersntiona. 

If  one  hn«l  an  nenirate  picture  of  the  lino  |ire.ssiiro  tlislrihiilioii  one  woiihl  be 
rclievotl  from  the  tiiinlm.soine  piohleiti  of  inalohiiig  (he  ox)>erinieiit!il  r«-.'<islBnoe 
rahtos  by  ititro«iueiiig  ,i«l(litinii:il  tenii.s  into  the  ihoorolioiil  eviihnitioii  whirh  nrroiliits 
for  the  htilhlor.ing  efrert.  Iiiitiiil  pressure  ilisl  i  ihiil  ion  test  resuits  olitiiincU  iit  the 
hnnil  I/u-omotinn  (.jihonilory  fully  sui'purt  the  viiliility  of  the  tiends  shown  by 
Profe.ssor  Viment.  It  is  our  aim  to  iiivestigato  the  olToot  of  slip  on  the  pressure 
pattern. 

The  idea  of  ao.ily/ing  the  clTt'rtr.  cnnsnl  by  (he  cyrloitlnl  motion  of  the  wheel 
scents  to  he  pruielsiiii:  foo.  The  piitli  of  n  soil  )>iiriiolc  tc'.iloi'  the  wheel  has  Ikou 
iiivestipated  by  Kiissiaii  researchers  in  groat  ilotuil.  The  iiillnnne  of  slip  iiinl  the 
frietioii  angle  has  been  also  inoUiile  *  in  their  nnnlysia.  Tliii  prohlcai  cannot  be 
cirvuiuvoalisl  when  one  nllenipts  to  pro<lii-l  tin-  (rinlinii  of  n  wlrool  ami  sliniilil  also 
bo  oonsiijored  in  eslenlntiiig  the  resistanco  arling  against  it. 

While  the  present  nitnlytical  iiiethuds  yield  roMilt.s  of  nrcoptabic  nccaracy  in 
most  rases,  it  has  long  Ins-n  known  that  they  me  not  general  enongh.  Piofeesor 
Vincent's  jiajs-'r  ]>oiiils  tuit  some  important  new  a.sj^ects  that  hohl  jiromise  for 
further  rcfim'inotil.s  and  geiierali/.ntions  in  the  theory  of  land  loconuition. 
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Etude  de  I’adherence, 

en  partant  des  moyens  actuellement  pratiques 
pour  tenter  de  Tameliorer 

Study  of  adhesion  with  the  practical  available  means, 
to  acliieve  improvement 

Studio  per  migliorare  I’aderenza 
usaiido  i  mezzi  pratici  attuali 

.1.  Ukmi  s*) 

ABSTRACT.  —  On  to  years'  experiments  ond  researches,  first  0/  all  the  Author 
deals  with  the  principle  of  displacement  ol  on  oU-the-road  rehicle. 

Then  he  »iiins  up  the  story  of  the  agricultural  tractor  pneumatic  tire  according 
to  researches  for  better  adheston. 

Afterwards  he  mentions  the  available  means  fitted  to  increase  the  adhesion  of 
tractor  and  of  agricultural  ntachinerv- 

He  draws  up  the  principles  that,  consciously  or  nor.  guided  the  researches.- 
weight,  bewlng  surface  tnafure.  sha/ie  and  elaslicit.ui,  v-viabllitv'  of  weight  and  hearing 
surface,  coupling  clnstlcllv  between  engine  and  motion  organs,  and  lastly  a  dlniu)lslie4 
resistance  to  motion  for  a  convenient  invcstigalicn  about  plowing  devices. 

Preambule 

lli'piiis  (luc  It'S  litiiiiiiics  out  iICtouvitI  i|ni'  drs  ^'lains  ,jft6s  .siir  k‘  ^^ol 
lie  ilnnnairiit  <|irmu’  itifinie  lie  iilaiitrs  ailiilU’.';,  le  travail  initial  ile 

toiiti"  I'ulture  e.-.!  le  liavail  tin  sol.  t’e  sol  ojij'osi'  line  resist  a  iiee  iiiceaiiiiiiie  it 
Ions  )es  oHtil.s,  lai  pltipart  ilViilre  eiiN  ii’liarine,  liei’.se,  senioir,  eanadirn,  etc.) 
ti'iivnilk’iit  ell  eclalant  le  sol  ilevaiit  eu.\  iliins  inie  iliivitioii  eoiistante. 

Tonics  k's  liiaehiitrs  <le  !r:ivail  illl  sol  dnlveiit  viiiniir  vne  ri'.vi.sk/ilcf  <)ui 
l4‘inl  a  s'o])poser  ilii*Tieiiii-ii1  a  letii-  avaiirenu'iit. 

D'niie  fii‘.»iii  pins  ”eMeiale,  lonles  k'S  liiaeliiin-.s  1  ravl rirns  on  antoraitiiri^ 
(y  eniiiprts  Ics  iiuul.iini-.s  a^riieolcs)  doiveiit  ponvoir  avatiorr  sur  les  teiTCS 
iT  jienleiit  teiite  iitilile  si  elle.s  ne  so  (le|ilari'nt  pas  en  inenio  temps  (jn'elles 
lie  ll•llvnilleIll.  A  riinerse  ile  ee  ipii  se  pasM'  a  I'lisiiie,  ra  Aiji'hiilluic  e'vsl 
VnulU  ijiii  .11'  ih'pliHi  siir  III  mnliiri  iireiini're. 

•)  IiijjvnWiir  r’lm-ciUor  TcchHUjur  tie  la  S.  A.  Paris  •  France. 
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Or,  U'  .vtl  uijfWiAt  rt>»)t)ait  urn*  infinite  do  rariationi  scion: 

1)  son  relief ; 

2)  s;i  stnietnre  a  lYfiU  viir<;e,  nvnnt  toiiti-  ciiUiiri',  pour  autant  quon 
puisse  sen  faiie  line  idee.  (Ka  partieiiiier,  la  natuiv  cliiaiiiiuo  ol  la  granu- 
loiiii’lrie  lies  eoinjiosants  soiit  des  factcurs  do  variation); 

'i)  la  natuiv  de  la  vc;»6tation  qui  le  reeouviv; 

4 1  les  eonditioiw  muiueutanevs  de  (-rnnat,  tenn>eratiuc,  humidite  et  I’ain- 
plitiide  iliiirne  de  leiiis  vaiiatioiiH; 

•'>)  le  «  pass6  >  <lo  ec  sol,  eVst-a-diiv  tons  les  apjiorts  il'amendcnicnts 
dViierais.  tie  fiimier  et  les  tiavaiiK  inceani<|iies  aiieieiis,  ainsi  <|uc  Ic.s  effets 
des  saisons  jiassoes. 

I‘ar  aillmrs.  tons  It  s  (nivaiix  ipic  neoii  le  sol  out  jioiir  Ijiit  dc  biiser  et 
ileiiiiclter  la  teire  pour  y  r.ieilittr  la  eireiilalion  tie  lair  ct  dc  rcaii.  niais, 
par  voie  tie  eoiise(|iU'net‘s,  teiitleiit  ti  /owipre  ta  i  o/it  sion  de  eeltc  teriv  Ct  a 
reinlre  tlifticiles  les  ilciilac-eineiifs  lies  veliieides  et  ties  inaeliinos. 

La  txelierelif  d  une  ptissibilite  aeceplalde  tie  deplaeeiuent  se  ju-^ntc  pour 
nil  AKrifiilteiir  sous  deux  aspects; 

1)  Le  rendement  correct  de  la  source  de  I’cncrgie.  —  II  faiit  f|uc,  siir 
reiiseiuble  tin  travail  triiite  lituie,  il’un  jour  on  iriin  an,  la  iiuantite  tie  travail 
fait  soil  uiie  part  raisoiuialile  till  travail  1^)111111  par  Its  nuiteius.  C’esl  uii 
prtihltiae  de  liilaii  euei  j'6tit|ti(*. 

■J)  La  necessity  de  rectilcr  au  maximum  le  passage  a  la  limite.  —  Nou.s 
verroiis  tpie  lors'iue  ’a  ivsislaiav  a  ravaiueiiient  s'aeeroit,  on  arrive  ties  vite 
a  line  limite  pour  laipielle  toulf  !ener;cie  moiriee  se  ile|ie)ise  sans  aiieiin 
avaneeiiieiit.  Kn  uulre,  la  uu'i  liine  s'eidise  Ic  plus  souveiit  an  lueiue  moment. 

On  pent  tltiiie  tiouver  des  t-oiiililinns  tie  Iraviiil  on,  mouioiitam'ment  on 
aeeeplera  iin  tres  mauvais  reiuIeiMeiit,  mais  oil  il  I'auilia  |)ii.sser  ca  tout  prix  » 
d  traiv'i-s  la  /one  diflieiie  pour  eviter  le  eal.ist inipltitine  enlisemeiit. 

I’ar  ailleiirs,  riivaiieenitiu  eetinomi<|itt'  no  i>eiil  etre  tietaelie  d’antivs  preoc- 
eiqiatioiis :  il  I'aiit  tpie  la  maeiiine  pt>rle  siir  le  .sol  stiii.i  rttfonn  r,  d'alioi  il  juirec 
ipie  e'est  ime  eoiuiititin  ueeess.iire  a  raviineemeiit  nuiis  aiissi  paree  tpi'i!  ne  faut 
ni  pei'lnrlter  le  sol  eii  iiiolotitleiir,  iii  eiviiser  ties  ornieres,  ni  nnire  ;iiix  raeiiics 
ties  plaiiles  tpii  sunt  eii  eours  tie  tlevelttppcnieiil. 

11  faiit  c^alfineiit  I'ritt  r  dc  taxscr  Ir  sid  ptuir  ne  pas  nspliyxier  ees  infunes 
raeiius  oit  eniiWu  lu  r  la  ecrmatiim  ties  prain.s. 

11  faut  tpic  I'ai aneeiiieiit  se  prt)tluise  suns  iisnrc  exeessive  des  oi{'anes 
dc  eoiitaels  aver  le  sol  nun  stiilemeiU  sur  le  ehamp,  mais  snrtout  sur  Ic  sol 
diir  ties  routes  oil  loutes  les  macliiiies  out  eealement  a  se  tleplaccr. 

Done.  pifilileliU's  complexes,  ol'rraiu  title  infiiiite  trexieellees  soilwnt  eon 
tra'lieloires.  ecliapiiant  a  toiite  lui  e'.iu'rale  t-t  ipii  se  lesiime  a  eetle  question; 

Comment  ftiirc  (iiriiiirr  imc  maihine  <i<irh'idc  dans  nil  r/iuaip.’ 

b’il  ny  a  pas  tradherenee,  ii  n'y  a  (iliis  d’A.urienltmv  pos-silile. 

Cette  tpU'stinii  pretieellpe  les  eult ivatelir.s  tin  imuule  eiilier.  qll'ils  soieat 
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fi!  zoiii'.H  piM-UMlHiiicitii-iit  hiiniul«>s  (ttiiuuc  cVst  Ic  cas  dt*  1  Kiu-ojk'  Orridoiitalc 
«u  on  Zulu's  ouiist.-iiiiniont  si-t-lu-s.  oai-  dans  cos  dornioics  zoiu-s  !os  suls  amt 
lo  plus  .souvoiu  pulvondciits  ct  do|>utii‘vus  do  iuhdsiun. 

Ijiiiiiuv  ipii  viciit  do  s  ecuulco  a  ismnii  bicii  dcs  iiuiuictiidos  ct  dcs  dfooptions 
dans  00  duuutiiie. 

Or,  on  tloit  «sitistalor  <|U  il  csistc  u»f  tnx  {/ntmU  viirii'lt  dt  ini'Ut'jdes, 
<U  (lisimsitifu  nil  i  *  ot  lie  mni  ijiltout  ilii'i  rxi  t,  dt  iniithints  destines 

a  aincliuror  I  lullioroiioc  ct  i!  a*  pass**  pas  ilc  si'iiiaiiu*  sans  iptc  suit  doj'ose 
un  nouveau  luvvct  snr  is-itc  ipiostiun. 

Uion  plus,  chaiiur  paysiin  a  utic  idot'  pcrsotinello  ot  aiiotPo*  sur  co  quo 
«  di'\  raioiit  »  lairc  los  Indiisiriols  pour  quo  cl's  inathinos  adliciviit  niiouic. 

Kssaoims  do  dro>>i-r  I'iiin  iilnin  tlis  ntoi/i  ns  d'avaiii  t  ini  iit  siir  Ic  sul,  do 
ns  iion  lu  r  I'idiV  qm  n  di'hrmiiii  I- nr  d’l  a  vinr  I'l  ffii  iu  ili,  do  dolor- 

iniiur  los  paicntos  qiii  cxi-ti  nt  ciitiv  ci-s  luuyo-its  ct  pout-oln-  do  vuio  a  Iravors 
It'S  siiooos  oi  los  oolioos  SI  lull  pent  do'finir  tix  lonilitiotis  dt  I'ndht  n  nee. 

Quels  sent  les  modes  de  deplacemeats  tcrreslres  connus  a  ce  jour? 

1)  /.(  iiUxsi  n(i  III  do  l  uliji-o-t  Irainc  un  putis.so'  snr  h  sid  .  sun  avanoonn'iit 
dopiiul  do'  sa  i'uiiiio  ucii«'‘ialo.  du  oiK-tUoioiil  l■omstauuno■nt  vaiialdo  do  ulissoiiiont 
do’  00  o'ui'iis  sur  la  loi  ro,  dos  ulistaoU’s  |ilns  un  nmins  di'l'orinahlos  ipi’il  ronomiitiv 
snr  soil!  Irajot. 

■J)  Li  i/IIssi  nil  Ilf  snr  niii  .inr/iire  ilinisu  if  luiislniiti  :  o’l-st  la  ])io'rro’ 
ojuo  los  liatissi'urs  do  iiyrauiido's  |K>uss.'ilont  snr  dos  uiaolrii'i's,  rolirant  conx-ci, 
di’riio‘’ro',  an  I'ur  o  t  a  un  suro'  do-  ravanooino  nt,  pour  los  lo  pusi’r  on  .ivanl. 

Oil  po’Ut  ouiisido'i'i'r  ipM-  ili’puis  los  iiyraiuidi s,  lo  pru.ioro's  ojuc  ouiistituc 
la  olioiiillo'  so’  i(’’>iiMio  I'xsi  111 ii’lloiiio’iit  ii  cooi :  un  a  suppriiiio  riiuninie  qui 
oK'pl;w:;;it  lo’s  lu.idriors  ot  lo-liii  ipii  punssai*  la  pio’iro’. 

d)  Lc  hviir  -.  c'ost  on  partioulii’r  li'  prinoipi-  ulilisi’  olaiis  la  ;  si 

I'uii  oiiiisiolo'i'o  oiii  iiisi.iiit  til's  lint'  iln  ilo'plaioiiu'nt  d'une  luuo’  iiiutriiv  iruii 
traotour,  un  ounslalo  qiU’  rollurt  muioiir  tio  puinl  do  o-ouitai't  ilo’  la  vuiio-  an  soil 
o’taiit  siqipuso  lixo  ilaiis  oot  instant)  to’iiol  a  oliiinno’i’  lc  oi'iitri’  oh’  gravito'  du 
traotour  vons  ravaiit,  or'ioi’  a  un  olVot  ilo  o-onqilo.  On,  oo  opii  n-vio’iil  an  inoino. 
roR'ort  toiiil  a  o’loioiior  lo  puinl  ilo’  oomlai’t  avi’c  lo  sod  vo’in  Tarriorc. 

Si  raillii'’io’iioi’  o'sl  Ikuini’.  o'o’sl  lo*  o’o’niro  olo  "laoito'-  opii  avaiii'o’  o’t  lc 
luiiloiiu'iit  ill'  la  roue  ijui  s'amuivc. 

Mills  lo’  ilo-placoinoiit  jiao  o-iVot  olo-  l.-vior  ost,  o'li  fait,  oi'lni  olo  la  pliip;ort 
oil’s  aiiiiiiiiux  ot  oolui  do  riiiiiiinio ;  On  pout  iros  l»io.‘ii  ouiuovuir  nn  uhhIc  do 
iloi>liiooini.’nl  luv’o’aiiiipn’  oiiiistitno'-  par  imi'  .snoi-o'-ssiuu  d'iiuplantiitiuii  snr  lc 
sill,  sans  t:lissomo’iil,  ot  jiar  nii  niuuvoiiu'iit  du  typo  tlo'vior*.  (.’'ost  ic  pas 
prudout  du  licroM  iiusiuit  unc  patio  iqno's  I’aiilrc  sur  la  vaso.  (.’’ost  aussi 
a  uii  oortiiiii  iioiiit  do  ^■uo.  riivjiiu-oiiiout  dn  tiiiotcnr  a  olionillo  so  ilo'plai^aiit 
iiiooaniipioiiu’iit  (par  ruidoniont)  par  I'iippuit  aux  patiiis  sup;iusos  iiumuliilos 
jioiidaiit  lour  aiqiui  snr  lc  sol. 

•1)  On  doit  aussi  oitor  nn  luodc  partioulicr  dc  dc[d;U’o’i!irnt  qui  cst  lo' 
luViKjc.  11  oiiiisisto'  a  tiror  un  coujis  iiiubilo  a  distance  olo'imis  nti  jiuint  fixo. 
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Co  i»ro<*tHlc  ost  tl’un  rmplot  Iiniit6  innis  il  est  h  |m'1i  pr^’S  iiidifien'iit  d  la 
iiatukv  ilu  contact  avoc  h'  sol,  «•»  a  la  jn'iili’.  II  i-st  utilise-  ciu-oi-e  pour  k*s 
eullurvs  i'll  ntoiita^ine  ilans  li*  laltoiir  au  liouil,  ou  dans  IVmploi  do  inoto- 
rultours  aut<»-haloura. 

Ainsi  done,  »|iK*l  <|Ue  suit  l«‘  mio<1o  do  looninotioii,  ils  jiroctsloiit  toujours 
dos  nu’inos  huhIos  do  pnn»ross«ou  (ipii  ]H'UVoiit  d'liilU-nt's  tri-s  liicii  otre  associ^s) : 
yfissttnrnl  ot  fffet  dr  hvier,  doriiior  elaitt  pnalnit  par  riijiporl  aux  puinU 
do  ooiilaols  kill  v^hionlo  avoo  lo  sol  oil  par  rapport  a  tin  point  fixo  oxtfricur 
(halaRc). 

On  no  pout  fairo  dcplaoor  tin  t-orps  par  t;lissoiiioiit  ipron  lo  laissaiit  ol>6ir 
a  1.1  ^rravito  siir  iino  jH'uto,  on  lo  piuissaiil,  on  i  n  li-  tii  iint.  < 'os  di  iix  dorniers 
oas  snpposoiit  suit  le  lialafto,  soit  iVinjiloi  d'liiio  inaoliino  inuliilo  pour  tiror 
ou  iKHissi'r,  00  <|iii  pttsi'  a  nouvoaii  la  ipiostion  dii  d6|>laoomont  do  lotto  inaohino. 

Par  cantre,  I'rffd  tif  Ici'iir  proi'/M^itr  juir  /iii-mctnc  la  (/<  />l<icf»i/'iit  vtrs 
/'araiif  dr  Iti  tnacliiac,  dam  hi  hitsv.ri  on  il  \j  a  iiiic  n'ludoti  dii  sul  ijtii  s'oppase 
au  ijliisfiiunl  virs  Vurriirc. 

Co  .soul  los  poripolios  do  is-tte  rooliorolio  d'ot'loi’t  do  lovior  sans  ji:lvvsoniciit 
ipii  oonsliluont  I'liistoiro  do  radliorom-o,  o1  nous  allmis  tout  d  abord  los  onvisa^er 
k  propos  ilo  rovolitlion  du  pnoninati<|iio  do  tractevir  ajiiiiolc. 

Co  faisaiit,  nous  nitrons  toiijours  isnistnintni  nt  ii  Tosin  it  oos  donx  onuses 
do  non  adbeioiico  ipio  sunt  :  la  prcsotico  d’outils  aooroolios  dans  lo  sol  ct  (|Ut 
n-tionnont  le  traetoiir  eoinino  un  oaldo  lotiont  un  bateau  an  rivan'’,  ot  I'inaptitudo 
dos  sols  aKiieolos  a.  I'aeilitor  radlioroitoo. 

Comment  le  pneumatique  agricole  s’est  adapt6 
aux  bosoins  de  I’adhercnce? 

Nous  avons  doj.'i  on  roooasion  d'etudior  1  ooolulion  du  piiciniiuliiiuc  (igri- 
itdr:  resuiuoiis  en  los  etapos  ' : 

Kit  lUdO,  on  a  inonto  siir  un  tiartonr  aiirioolo,  par  liasjird,  des  pneus 
d'avion  iimtilises.  11  s’a;ri.ssiiit  do  piioiis  tros  vidinnincur  ot  Hsses.  On  a  eoiistat6 
iju'ils  ])ortaiont  bion  le  traetoiir  ot  no  so  detrnisaioiil  jnis  on  ipioliiiies  honres 
do  M*rrioo,  eoiiuiio  on  I'avail  eraint  tout  d’abord,  Anoun  dooiiinont  n  ost  parvenu 
jusiiu'a  lions  pour  nmis  dire  si  des  efforts  do  traotion  av  ■ri't  etc  inesnres. 

Trf’s  vile,  on  a  constate  ipt'ils  plissaiont  sur  oux-iiu*inos,  Li';ii  i  de  levior  nc 
joiiait  done  pas  on  favour  de  I'avaneeinonl. 

On  a  realise  sur  la  surfave  du  pitou  des  hiirnitrs  ou  rnimpiins  :inalop;ues  a 
oeux  dos  roues  on  for.  Ij‘i<lec  (infonmilee)  otait  la  suivaiite;  prendre  ajtpui 
-kiir  line  plus  {'rande  epai.ssour  do  lerro  ot  tiror  jirofit  do  la  resist aneo  du  sol 
au  oisailloinont.  l)ii  no  s’aporoov..i1  pas  ipiVii  fail  e'etail  a  son  pa’.ds  enornie 
quo  le  traeteur  a  roues  for  dovait  le  jdus  elnir  ilo  son  adlierenoe. 

Tres  vite,  d'ailloiii-s,  on  csl  arriv6  a  cette  eonstataiion  :  la  resistance  au 
elsaillonient  joue  pen,  la  teriv  so  boavve  entre  les  sonlittuns,  et  on  a  rcmplaefe 
le  glissement  eaoutoliouc-torrc  par  lUi  glisscmonl  tone  sur  terre. 
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Apparni.'Mciit  ailoi-s  ks  pnciiniutiquc.s  a  *  centre  uurert  *.  I>i's  kurrettes  sont 
iiulopi'iulnnh's  U-s  juios  lies  aiitivs  pour  quo  lii  (on-c  so  tlcgago  plus  fuciloincnt. 

A  la  monie  epo(|no,  lo  liaotour  tk-voim  maoliiuc  niotiico  i)our  tous  Jos 
travnux  Hulk'irf  consiiU'i'alalouuuit.  I'ti  l)osoiu  i)lu.s  nij-u  d’iiilli6i*oncc  se  fait 
aoQtir. 

On  «lecuuvr«*  jiJurs  qiu*  k'  clissiuiiciil  diminiic  si  lo  ])iicu  ost  souplf,  d4for- 
niablo,  paroe  qu*il  prostuto  akus  uno  siuiaoo  dappui  rod  plus  grande  ot  (pie 
It'S  barrettes  n'iului*s  ainsi  nuihitcs  dans  le  loulomont  so  il61)arriissfnt  plus  uis4- 
luont  do  la  torrw  Ok'st  riiiito-nelluy<i<ie. 

Pour  ubteiiir  un  piu  u  simple,  il  taut  uno  caicasso  tlofm  inaklo  ot  uno  faible 
pn'ssion  ole  gunlleiiienl. 

La  pn“Sskin  do  gonfloinotit  jotio  un  role  eoiiiploxo;  die  doit  otro  iissoz  forte 
ponr  tenir  le  pm-u  serro  sur  sa  janto  ot  limiter  siir  loiito  l  iisnro  ot  ks  fatigues 
duos  a  un  travail  exi-e.ssif  do  la  earoasso.  inais  il  faut  aussi  quVllo  soit  assiv. 
fnible.  jHiiir  ilonner  iiuo  boniio  adlieronoe.  Lo  oidt  ivatotir  doit  tloiio  .adaptor  la 
pression  de  gontlviiient  a  la  naturo  do  son  tnivail. 

Done,  on  a  elierolio  d’almrd  a  einftiher  lo  |)noiiniatii|iio  dan?,  lo  sol,  puis 
h  Vitaier  sur  lo  sol  sans  hourrago  de  torre. 

Mats  li-s  tonajits  do  raooroidiage  n’avaiont  jtas  dit  lom-  dernier  mot  ils 
preeunisi-reiit  <le  hauti's  i  t  otroites  barn  ties  ik  siinees  a  uller  prendre  appui  on 
pixjfonilour  sur  les  « emidies  iVrnies »,  sans  quo  tiuii'onijue  se  iivcoooui)!! 
iraillettrs  de  savoir  si  do  tolles  oiuielies  existaiont.  Le  resultat  le  plus  elair  fut  de 
fraisiM"  lo  sol  ot  d'obtonir,  on  outre,  sur  route,  uiie  usure  rapide  et  une  fatigue 
du  materiel.  On  revint  done  ,t  des  barrettes  do  hauioiir  raisonnable,  el  on 
rfin^liore  les  angli-s  de  de|)ouille  pour  augnieiiter  lo  dogagentoiit  do  la  torro. 

M.nis  on  s‘apen;ut  tros  vito  qu  atieun  jieneetioniioiiu  nt  do  pneumat'ipio  nV.st 
offio.nee  si  Ton  tuiiiln'  au-dossims  d'nn  cojiain  r<ii?])iii  (  jxiids-imissancp. 

Xuus  avims  <lil  quo  los  traetonrs  sViaieiit  alleges  on  1.')  ans  on  jiassant 
do  120  Kg/elu  val  .'i  ‘>0  Kg  par  oboval. 

Or,  si  Lon  vent  que  lo  point  d’aiipni  inferionr  du  lovier  jio  glisso  pas  voi-s’ 
rarriove,  il  faut  bieii  quo  eot  appui  soit  suf!is;uit.  Si  la  lone  oheit  lro|)  doeilciuont 
nil  ci.saillonioiit  tons  des  torro.s  sablmim-uses  >t  legCros)  il  faut  ndoniier  un 
oourt  instant  u  ce  sol  uiie  lokesiou  suirisante  jianr  <|n’il  donne  la  reaction  quo 
Ton  attend  tie  hii.  .vutieinent  dit,  il  faut  lui  faire  snbir  une  coinprossion  luonicn- 
tanw.  Non.s  reviendions  tout  a  I'lieure  sur  ootte  question,  mais  une  troisioine 
anno  apparait  done  dans  I'arsenal  ajnvs  raet  roehage  ot  la  souiilesso  :  /e  poids. 

On  oonstati*  a  la  iiiomo  opoipio  quo  lo  luotcur  iliose!,  boanooup  inoins  souple 
quo  lo  luotour  a  essoiuo,  iraiisniot  brutaloniont  l  idTort  niotour  sans  baissor  de 
regime  Im-sqiie  ref'iorl  nVistant  s  aocioit,  et  (jn'il  favorise  ainsi  les  anioioes  dc 
patiiiage.  On  coniinotn-o  pent  etro  a  smipeonner  a  parlir  de  oe  moment,  ijn’unc 
]i!ns  OH  nidins  yrnisdr  sniii/Irasr  iltins  hi  Unison  iidir  h  mntenr  ct  le  point 
d’nppMi  jinu  iin  niU  duns  I'adln'n  iicr. 

liC  traetenr  s'allogeant  toujoiirs.  on  n-vioiit  a  riiloe  d’nno  snrfth  e  d'iniinict 
phes  grande  :  siir  un  nn'ino  Irarteur,  on  met  des  jiin'iis  jdus  grands,  sans  tres 


bttTj  r^rtfrsrr  (|ti'itni;im'ntniit  Fa  siirfaco  ft  <IiiMinujiiit  If  pnr  centimetre 

enno,  on  n  pen  «li>  chnnee  (I'iilKtiilir  a  nn  rcsultat  appreciable. 

On  clieichc  e^talcmcnt  a  tiuniier  ait  pneii  tin  itnpa«'t  plus  pram!  eii  ?e 
iiintitant  sur  uiio  janlc  anssi  lart'c  •luc  possible  (eVst  actrti-JJerncnt  la  tendnneo 
jiinerieaiiie  ilite:  >stni  iriilr  Intsi)  on  en  ilonnaiit  tine  fonne  telle  ait  piieii, 
(prii  volume  (“jrai  il  nit  line  liamlo  .b*  roiilement  plus  larpe  *'t  ili^s  flaiics  nioitis 
eleves  (loir  sdlimi  liiii/ht  linx).  Les  •lains  jralieifiiee  rist*-iit  niodeste*. 

II  noUs  .Neiiilife  «iue.  si  les  pninieis-s  amelioiaittons  Kjijiortfes  an  piieu 
(Vavion  i>rt>mu  aecidi-niclli-inent  piti-n  a^rrieole  <‘n;reiulrerenl  iiii  jiro^jri'-s  tsmsi- 
tlerahle,  eha<|ue  perfectioimcinfiil  nouveau  ajiporte  till  pr«»{.'ivs  <le  inoiiiM  eti 
iiuiins  imj)oi't:i!it.  I't  suetout  <le  inoiiis  t  ii  inoiii'i  •leiieial.  Ceil*-  serie  «lperoiss;iiitc 
'fut-elle  <liri‘  tp*'‘  uous  allons  veis  urn-  liniili  aii  <lela  <b'  laipielle  seiile  unc 
t'ormule  vrainieiif  revolut ioiiiiaii-4-  ju-rnii'llra  tie  faire  un  pas  i-ci'l  eii  avaiit  ? 
II  esi  troji  lot  |)our  le  tliie. 

Quelles  sont  maintenant  les  plus  recentes  ^apes 
de  cette  tentative  de  pcrfectionncment  du  pneu? 

II  s(‘ml)le  (pie  ee  soil  la  « a; w/s.<f  ipli  soil  a  l  onlre  (hi  jt>ur.  La  lUTiniere 
ela|)e  I'ut  (l(‘  rall(’','er  poiir  la  reiuliv  plus  soiiple.  Les  te\ti|cs  aduels  a  haute 
t^naeiti.'  pcinielteiit  de  le  faire  cii  f.iiis,ix ant  uue  iiiarfie  dc  st'eufit^  iiiiportaiite. 
Jl  faut  t(jutel'ois  liniiter  ramineisseuicnt  pour  (pie  les  epiui-s  eheiuiiiant  eultt* 
los  fils  irattciniK  nt  pas  la  ehamitre  air. 

On  eherelte  (iisuito  a  lui  doniief  line  foriin*  jdii.s  iii>liitir  pour  aiiginciilcr 
la  part  dii  [men  (pii  e.st  au  eontaet  du  .sol. 

C'esl  le  eas  (innis  ce  n’est  jias  la  scule  .solutiaii)  du  piicii  avee  carc.a.sse 
radiale  el  (•(•iiuure:  la  iiapjte  Ic.xlile  teiidiie  autour  de  la  zone  do  roiilcnieiit 
ohlige  le  iiiieii  a  s'aplatir  au  gonllage,  <c  (jiii  Ini  dtiiuie  line  Ill's  Ixnino  «  a.s.siettc  >, 
, ell  pailieulier  sur  les  sols  hVers  el  stvs.  t'citc  formiih'  donne  aiissi  uue  Iwiittc 
rosistaiico  a  riisure  niais  parfois  au  dthriiiieul  do  la  souph-sst-  souhaitable  uu 
niveau  de  In  haiide  de  loulcineut. 

Oil  s’iiiP'ressc  aiissi  aii.x  /(//i/mi/.v  tpii  e.xisleiit  riilri-  hi  humh  dc  rmilcmcnt 
cl  Ics  flinirs,  et  enlro  les  din  isix  imrlus  dc  hi  Imiidc  dr  iiiiilimcid  el!e-nieuic. 

La  soiiplcssc  lies  flams  est  uiie  (pialiu*  (sanf  en  let'iaiii  tres  neeideiite) 
parec  (piVlle  aid(*  a  la  souirlesse  tie  I'eiiseinhie.  C'esl  uii  lieureU.K  diet  de  la 
eareasse  ladiale  (pii  eorrige  aiu-.i  daiis  uiie  eertaiiie  imsiii'e  la  rigiiiite  dc  la 
haiide  lie  rinileinent. 

JFais  cettc  stuiple.sse  a  au.ssi  nii  autre  role  a  jouer;  ahsorher  les  augmen¬ 
tations  nionieii  la  net's  d'elTort  a  la  jaiite  (,eas  tin  luoteiir  tliesell  sans  anmree  de 
patinnge.  La  rotation  de  la  hande  tie  tonlenieiit  'loit  a\fiir  line  eertaine  iiide- 
peiidanee  ]iar  raiiport  .'i  eelle  de  la  j.iiite,  et  Its  llaiies  joiieiit  a.or.s  nn  rule 
trmnorti.sseur.s. 

Miifiii  ties  reeliei'clics  .sont  faites  en  vue  de  n  iidi  r  iiidi'iit  iidiinics  Ics  uiifS 
d(  S  anirrs  Ir.i  sfi  liniis  sum  ssivi s  dc  la  hande  dr  roidrim  ul,  imiir  (pie,  cfant  an 
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sot,  ptti’s  lu*  sutjissfiit  pus  fn  (‘ciiiipiTs.sioii  rcniiiit  <!»•  la  piirtie  tie  ta  Iwtnde  de 
ronU'iiu'iit  <pu  wt  on  iiviint,  »“t  |>sis  diivaiitii<^‘  la  traclh)ii  ito  m-IIo  qui  est  cn 
iuriiMf. 

CVst  lu  ivolu’ivlu'  dPH  fumils  f/'Vqqiin*  xurrfxsifs  indi'irfHiiunta  quo  nous 
evotpiious  nil  ilpluU  do  wt  os|)oh^. 

Li's  idfos  fiirinunt  los  li^itos  do  fon-o  do  Irvuliiliun  la  plus  r5<’Cnte  du 
|)iu'umuti<iuc  pour  nmo  inotiiw  lU*  tttu-tour  hitfivssi-nt  done: 

— •  I'amnioniti'iH  <lf  lit  xfnulitrt  lie  lit  iiitrllt  du  jmeit  ijni  tsl  nu  cimlact 

il  It  Sul; 

—  1‘iniiiliiinitiiin  itrs  roppoi/s  nitre  eitle  zoiii  de  eoiitacl  el  Veffort  d’en- 
IriiUiemenl. 


Ensemble  des  moyens  d'adherence  du  tracieur  aipricole 

l‘]iivisii;ri‘ifus  niiiiiitonant  IViisomblo  ilos  moyons  pmsuiises  jMUir  iin\rlior\*r 
rjullu'ivMco,  dans  K-  cas  piiVis  du  trai-tour  anriisde.  Nous  y  rolrouvorons 
d'aillours  los  6ta|*i'S  da  1  vvolution  du  piiouinaliquo. 

At  Moyens  d'adherence  ne  comportant  ni  accessoires  particuliers  ni  transfor¬ 
mation  du  tracteur. 

l.e  ri'iitiiiii  de  Vmild ;  il  s'ajiit  do  donnor  ossontii'llona-ul  a  la  oliari'uo  line 
position  ti'llo  quo  la  rosultaiito  dos  I'orcos  trosistanoi'  do  I'outil,  |M>ids  sur  los 
dons  o.ssious,  |•osi^^a^<•^>  a  l'a\ anooiitoiit,  olo. i  jiasM-  an  voisinajio  dos  |H»ints 
<lo  ountaot  dos  loias  inotiioos  dn  traotour  avoo  lo  sol.  ot  ait  nno  ooiapi>s.'intc 
voitioalo  alissi  iniportanto  quo  possiblo  (dans  los  rniiilos  do  soouiite  ot  do 
I>ossil)ilite  do  travail). 

(In  oliorolio  doiio  a  aiiiiinontor  an  inaxiiiuna  la  furet  ci’r/ioii/r  qiti  appnic 
los  roiios  niutiioo.s  snr  lo  .sol. 

I.,os  looluiiqiios  ditos  do  Irniiifi  rl  di  i  linnjrx  inxtinitinii'i.s  pornioltcnt  de 
niodifior  a  tout  instant  riaqiortaiioo  ilo  ootto  fnroo,  ot  doin’  do  rtidnjder  mix 
eimiliiions  iunxlniinni  iil  i  Ihihiji  iinli  s  du  tirraiii. 

lj'oini>liii  do  la  n'aiooqno  soini-portCv  ropond  aiissi  a  I’idoo  il'uiio  i.iiftnu'ii- 
tation  <lo  jioids  sur  I'ossion  iiunonr  du  traotour,  lorsipu-  la  obaroo  a.  tiror 
s'aocroit. 

Lcs  inii/mf  iitiiihhs  ilireelei  di  ;<i/ii/.< ;  lo  ti'.-iotonr  s'etant  allo^o  j>ar  .son  mode 
do  const  motion,  ot  oortain  travanx  no  nooossilanl  i>ns  iino  forlo  traction 
(liinafto,  transport  snr  so!  dnr)  on  a  rooonrs  uiume  iilitui  moil  ii  d«'s  snroliarpes 
liar  apjiort  di'  niassos  on  iiiotal  on  dVan  dans  los  pnons. 

11  norail  sans  donto  i>lns  rationnol  d'ajoutor  oo.s  inas,sos  snr  IVssion  inoino 
dn  traotour,  ran"niontation  do  jioids  olant  plus  oflioaoo  snr  la  p.irtio  trans]K)rtec 
di'  la  inaohino  ipio  snr  lo  lovior  Ini-mdmo,  oVst-a-diro  la  roiio.  M.nis,  i>our  dos 
raisons  do  ooinniodilo,  on  plaro  on  };onoral  oos  inassos  sur  le  rouos. 

JjC  hxldi/e  It  oonstituo  nno  inolliodo  oomplonunilaiiv  ct  oovnoiniquc 


do  mats  il  «*sl  lU*  rojiHsiition  nssoz  inii!:iis6e  (n^cossif^ 

tl’iin  iiiilif'ol)  (‘t,  4  tx>i(ls  fpnl,  it  doimc  ilos  rv.siilliits  iiilerioui's  a  t-oux  dcs  innascs 
do  ni^tal  *. 

Touh  Ios  iiunonH  quo  nous  vi-notis  (I'iniliquor  soiit  (liix-i-tcruoiil  ou  imli- 
n-etomoiU  itos  nToiirs  a  iiii  a«xToiss«*monl  ilu  poiils  snr  fossion  ntoloiir.  On  apit 
oxiu-toniont  cinnino  si  I'on  voulait  rs'livuvor  lo  poiils  pi-i-du  dopiiis  quo  les 
traoloni's  st*  sunt  iiorfootiomio*. 

jrais  lo  praiul  propiva  «‘st  quo  pout  tiajoiitor  oo  poMs  qu'iuix  scuis 
iimtnonls  iiii  un  on  a  onVolivt-nioiil 

Aluiissimcnt  (fr  la  pressinn  ilr  f)oHfli  mfnt  tUs  /uuijutu/iqius.  —  Xoiis  on 
avons  pnrlc  pr6oc<1i'iiiniont. 

It  a  pour  t)ut  d'aupinontor  !a  stirl’aoo  d'iiiiiniot  .sur  lo  sot  ot  do  inioux 
ropartir  los  zoiios  do  prossiun.  1)  la-nd  lo  juiou  plus  suiiplo  <  t  plus  c  tuoulo  » 
sur  lo  sol.  U  fiioilito  rnufo-nottov.-ijic  on  aupinonlaut  la  niohilite  dos  barrottos 
(tout  au  moins  dans  los  pnouiuatiquos  u  oaroasso  ooiivontioiiiiollo).  I!  a  jiou 
d'inlluonoo  sur  to  oisailloiuonl  ot  sur  la  prossioii  luoyoi'iiv.'  oxorooo'sur  lo  sol  par 
unito  do  surfaoo. 

,,  Au  to.tal,  il  donno  into  anioliuration  tros  siuisihlo  a  railhoronoo  luais  ost 
limite  par  lo  ris([Uo  do  tunrapo  sur  janio  a  onviroti  t'OO  prs  do  iU'os.sion  pa/ 
oontiuiot  IV  oarie. 

I.e  rc/iiiiri(i  im  III  dr.t  inn  us  siir  li  iiis  junhs.  —  ('o  iuoi  ode  os|  utiils6  on 
.sols  saldoiuu'UX  soos,  la  ou  lo  plus  prand  risqiio  ost  souvi  at  oor.stituc  par 
I'oiil'onooaiont  do  la  rotio  dii  a  lootjuloiiu’iit  du  sablo  sur  los  futos  d\j  j>ncn. 

IjO  ]irofil  qui  ost  dostin«\  dans  lo  sons  «lo  rot.iliun  norinalo,  a  ccarlor  ot 
dfpapor  la  torro  colloi'  aux  ptuus,  toinl,  iino  fois  rolournc,  a  rassiuublor  lo  sable 
sous  Ic  pnou  ot  roiiipoolior  do  sVnfuir. 

('hoir  f/’ioi  raininrl  </«■  rilt'isr  if  iri/imc  iiioliiir  (t/qj/'uprif’s.  —  Nous 

rovouoiis  a  la  iraiisiuission  dos  oiYorts  du  iiiotour  a  la  baudo  ilo  ruiilciaonl. 

laii'wpio  lo  traotour  avaiioo  sur  iin  lorraiu  do  nu'i’.iooro  aillioivnoo  ot  qu’il 
fouriiit  uii  cftiirt  olovo  tTa'r  do  s.a  pui->sauoo  luotrico  ]>ar  oN<iniilo)  avoo  \iu 
patiiiapo  (|ui  dovioiit  iiiiporlant.  il  suolt  il'uuo  tibs  loporo  ot  brusquo  au^iuoii- 
tntioii  <lo  IV'lTurt  au'tour  pour  passor  au  p.-.tinnpo  total. 

Co  lofior  olTort  [tout  otro  uiio  rojutiiso  a  iiii  aooroissoim'iit  do  la  rosistaiu-o 
dc  I’outil  ilaiis  lo  sol.  Si  la  lra!'.suiis.sit)a  ost  tit's  d.Oiuultiplioo  ot  lo  lopiu’.o  elcvo, 
CO  ropimo  (dans  lo  oas  <lu  dios»'l)  no  I'taisso  pas  situs  I'olTol  do  ootto  ivsistauoo; 
lo  motoiir  «  n’ltoiid  »  a  bi  ismstaiu  o  jtbis  t'orto  pal  uu  olYort  plus  pratid,  ot 
cost  lo  iiatiiiapo  total. 

Sur  uii  torraii!  do  inauvaisi'  adboromo,  il  Taut  iloiio  ohoisir  luio  doaudti- 
lilioaliitii  jilus  [tolito  ([tar  oxoiiqtlo  lo  doiuo  au  liou  do  la  ‘doiiu)  ot  un  ropiiiic 
plus  has  [tour  aupnioiitor  K-s  obauoos  do  lloolus.sr>moiit  iiutmontaiio  ilu  inotour 
sous  I'otVot  dos  acoioissoiuonts  do  rosistaniv. 

Kmhrdiiiiijc  sans  pni./jr.vsiodi'.  —  tVoi  n'lst  uuUonioiit  on  ountradiotUtn 
avoo  oc  {[ui  preobdo. 


—  SH7  — 


Xons  nulls  plnriuiis  dims  lo  ciis  ofi  lo  tnirti'iir  nvniK^-nit  sun  rfi'iinc  ct  nu 
voisinago  do  IVlTort  niaxiinum. 

loi,  nous  oil  visa  jiooiis  Jo  dcmairnjio.  Colni-oi  iJonnmdc  un  effort  Clevi 
pins({u'il  flint  vninoro  I'iiiertio  dii  triietour  et  soiiveiit  ei'llc  de  In  cliarruc  d4ja 
(t  doiiii  ong)ig4o  dims  to  sol. 

IiVx|»4ru'ii«N.>  niontn'  V,iio  tViiibiayngo  sans  pi'o<'ri‘.'isivit6  porinct  Ic  d6iiinr- 
raire  si  lo  rapimrt  do  vitosso  ti  4tc  choisi  coneetement ;  oooi  dims  dos  tones 
agricolos  do  inoiluM-ro  ooli4siun  mi  trup  glissantos. 

Nous  parlous,  liion  ('uloiidu,  d’mi  tiai-lcur  umni  de  iinomiintiipios  ngi  icolos 
i  soulptim*c 

Un  onibrayapo  pingiessif  ot.  on  partieulior,  un  oinlirayn^'e  liydrauliiiiio 
doimont,  par  eoniri*.  des  rosiiltals  niediocios  a  Topposo  do  eeux  (pTils  jioiivont 
fournir  siir  un  sul  formo. 

^^n  IH'iit  rnpjuix'lior  i-os  phonomoiu-s  itos  ooiislntations  (pu'  nous  nvoiis  pu 
faiiv  on  ini'Snirant  Jos  ooiupti  ssions  do  sol  a"rioolo  sons  lo  passnije  des  roues  do 
traeteiir.  On  ii'inainuo,  on  offol  ipio  la  lone,  so  ouinpuitiml  ooinnu*  un  solido 
soiniolnsti(|uo,  si-  ooinpriine  uioinoutniioaioiit  sons  la  rone  I,ji  delonnntion  cst 
dautaut  plus  orindo  «|Uf  !;•  poids  par  eoiiliinotiv  cane  t'st  jdiis  6lovo,  innis 
d'antant  jdus  I'aililo  ipio  la  passajio  ilo  la  rmu*  a  ete  i>lns  rapiile. 

Dans  lo  oas  tin  ileinarra};o.  la  toriv  ipii  ost  iimjiodiati  inout  on  anioro  do 
la  barn'lto  ost  ooiui»riinoo  voi-s  I'arrioro;  olio  obeit  d  aiitimt  nioins  a  cotte  solli- 
citatiou  <nu*  lo  ti'in|is  effort  ost  plus  <•01111.  Kilo  a  <loiio,  <laiis  <•••  oas,  luio 
leaetiou  ola.sticpu'  nuilloure  ot  I'offot  do  lovior  jnuo  on  laianiv  du  <loplaeoinont 
du  tiai  tour  vers  ravant. 

On  volt  an  pas.saj;<'  1<»  r<Mi>  ini|«>rtant  <1110  jmuMit  los  barrettes  an  inoinont 

du  doiuarrago. 

It)  Dispositifs  complemcntaires  d'adhereuce. 

Jnmdugr  th.s  inn  }niutliiiiu's.  —  II  iloublo  la  surface  d'iiiipaet  mais  di:niiiuo 
do  nioitlo  la  piessiou  inuyi'iino  par  oontiinotro  oane. 

Son  principal  ni<."rit<>  <-st  <lo  |»crm<-ltiv  un  abaissoinont  jilns  important  do 
la  pri'ssioii  <ic  ;;onM<'iii<'nl  v4.»<t  ni.s)  00  <pii  traustHi'nn'  los  inioiis,  si  lour  oareasso 
<st  assi-z  soupb'.  <11  M'-rit alib-s  vontonsos  posi'os  sur  Ic  sol. 

Si  li'  jumolag<“  I’st  utilise  pour  auonu'nl<‘r  I’offtirt  do  traotion,  il  souinot 
lo  pout  ot  Us  t raiiMiiissioiis  ados  oontraiutos  oonsiiloralilos. 

Lrs  rhnhics  iVdiihi  rt urr  ■.  j-llos  soiit  di'stiiioos  a  obtouir  uii  phis  fort  oisaillc- 
moat.  (’0  qui  sujqHi.SA'  ilouo  ipio  lo  sol  a  deja  mio  resistaiioe  lioiiorablo  au  (lit 
oisaillomont. 

Los  obaiiu'.s  d'adlicronoo  out  souvcnt  lo  defaut  do  so  cliar^or  tros  vito  do 
torro  ot  d’otiv,  jioui’  ootto  raison,  dilYioilos  a  rotiror  on  bout  do  obaiui).  II  lour 
esl  intordit  do  ronlor  sur  la  iDUto.  Ui'  soiit,  on  oi'in'ral,  los  jilns  simples  tjui 
sold  los  luoillouivs. 

1a  i  t/rifffs  d’adln'niicc  ft  tfx  /•nni.s-sqiif /(  //<,«.  —  Cos  oritTos  fixoos  a 
Toxteriour  ilos  nnios,  on  cos  roues  tri-s  plates  on  inotal  dont  los  ravoiis  me- 


ft'tllMjncs  sp  i(ri»Iorjp»*rit  I'li  hpcln*  <li‘  tn  jiititr  n-;»iTnni-nt  uric  ni«iiie 

:  iilliM*  «-licrflnT  111  I'liHfhr  ilmv  mhih  li-s  zntics  supiTficirlli's  siins  colifsion. 

Si  cctic  piMiclie  oxisti'  i-^i'llfmcnt,  fll<-s  ])ciivciit  rivi-  (  fni-iu-i-s.  Mais  Ic.s  ciu*  on 
siiiit  Hssfi.  ran's, 

Ciliiiis,  <M‘]ii'ii(taiit,  cplui  ill's  I'izii'i'i's  rfci'iiti'S  ilniif  |c  sol  ost  mill  staliilis^  , 
pam*  (pi'il  a  etc  np|iorl6  aii-ilcssiis  ilu  iiivi'.iii  jnimilif  pour  ilos  motifs  do 
uivi'lli'uii'iil,  rt  piii'ci'  i|U*oii  a  I'll  rimpniilriici*  iK'  la  Iiilxtuivr  I’hivcr. 

('itoiis  aiissi  Ics  ti'ffos  il'artfilr  tabour^i-s  tlrpiiis  iii>  sitVli*  a  la  im'me 
pnifoiuli'iii'  I't  ou  Ic  talon  do  la  ••liafnio  ii  lis%i\  a  ;{0  i-iii  tli-  profoiKlciir,  tine 
i'oiii'lu'  diiro  ijiii  I'l'tii'iil  I'l'an  rt  friid  Ir  sol  liiiiii  ii\  a  la  inoindi'i'  jdiiic. 

Mais  l•'^■st  nil  o<|tiipi‘iiii'iit  liaihaif  pour  la  iui'raiiii|i|i'  du  tiai'lriir. 

Lrs  t'lii/cs  t  .i  li'ricurfx  d  /<  <  niiif  't  riit/rx.  —  l''lli  s  ap|>i  lli'iit  los  nioiitrs 
I’CsiM'vi's  nuVaiii(|Ui  s  ipu'  rr  i(ni  pivn'ili',  mais  ]M  U'i'nt  rln  rflii-ai  i  s  dans  les  ras 
d^si'.spcros. 

liU  rour  i-ajii'  fsl  nil  i'_\  liiidri'  fail  dr  tiilir  oil  ilr  I'l  i'  i  n  T,  ipti  rniiplace 
la  roiir  noriiialr. 

I'llr  prut  avoir  plus  d'un  iiiitrr  dr  larjrr  (rizirn-s'.  Son  rolr  nVst  pas 
roinnir  on  Ir  rroit  souvriit  d’an^rinriitrr  la  siiifarr  d  impart  i piiisipiVllr  rst  a 
i'lairr-\ oil- 1  mais  dr  mulliplirr  lrs  points  ilr  risaillrmriit.  , 

l.a  raor  rst  ditr  rNlorinirr  lorsi|Ur.  an  lirii  drlir  siili'tiliU'r  a  la  ivui’ 
iiormalr  munir  d  nii  piirumatiipu',  rllr  y  rst  an  rout  l  airr  tixiV.  Bllr  ronstiliii* 
tin  prrfrrt ioniii  iiu'iit  par  rapport  an  sysirinr  pirrrdmt  rii  rr  siiis  ipir,  orarr 
a  son  diainrlrr  Iri'rt'i  luriil  infrrirur  a  n  lui  du  pnrunat i.pir,  rllr  n’mli'C  ra 
art  ion  ipi'au  momrnt  on  <'r  di-rnirr  romm''iu'r  a  s’rnruiirrr. 

/,rs’  HI  iiii-fhi  iiilL  s,  —  Bill's  soul  nc.s  dr  I  idrr  d  auiiiio  iilrr  i  n  sol  itlissant  la 
siu'farr  d’impart. 

I.r  i'r;.:laK''  dr  la  rour  ilo  trnsion.  on  avant  dr  la  lour  niolriir  du  tiartnir. 
]irrmrt  111  throiir  dr  I'rpartir  la  rliairr  sur  I'rssirii  arririr  all  loiiji  ilr  la  zone 
d’impart  dr  rrllr  sriili-rllrllillr. 

Mais  oil  a  dimiiiu'  la  pirssion  nnitairr  an  -lol.  Hr  plus  rr  ilispositit  rend 
malaise  Ir  hraiiuajrr.  II  rs,,  iiraiiiuoiiis.  appivrir  dans  n  rlainrs  Irrrrs  a  hrtto- 
ravr.s. 

Surdiiiii  ii.sioii  (hs  jini  KiiKiliijiii  •<.  —  Nous  rii  ai'ous  jiarlo  a  prupos  de 
crux-ri.  (Ill  rliri'rlir,  i'll  uriirral,  a  siirdimriisioiiiii  r  par  1  niiploi  dr  luirumatiiiiirs 
do  plus  ttraiid  diaiiirtrr. 

On  sr  ti'oiivr  liniitr  dans  rrlar^issriiirnt  drs  pnruniat iipirs  par  la  larjtoiir 
do  la  raio  dr  lalimir  ou  j»ar  la  nrcrssitr  dr  ]>assri'  dans  unr  culliiir  rn  vojjrtation. 

Bn  surdiiiu'iisioiinaiil  jiar  arriois^rinriit  dr  diaiiirtir.  on  rlioisit  sans  lo 
savoir  la  solution  iiK'ranitpio  ijiii  rst  Ir  ]>lus  souvnit  la  nirillrui'O. 

Nous  vorrons,  rii  ofTrt,  ti'ut  a  I'lirurr  ipir  la  lonoiu'iir  do  1  iiiiinirt  du  piioii 
sur  lo  sol  a  plus  d'iin])ortaiiro  ])our  raillioiriirr  iptr  la  diinriisani  prrprndi- 
I'UlaiiT,  r'ost-i'i-diro  la  liii't'our. 

Mais  la  surdiiiu'iision  on  diami'trr  auttiiiriito  lrs  rfi'oi  t  s  a  1  rssiru  rt  modifie 
It'S  rapiioi'ls  dr  vitrsso  d'avalirrmrin  rt  ilo  rotation  dr  la  prisr  dr  tol'OO. 


L'iunolioijitidn  (In  f'onplo  a  la  janic  cjiii  i-csiilti*  dc  la  sunliiiicnskm  mj 
ilianu-ti't',  jH'iit  lontorois  dans  Ics  U-rrcs  (Ippocn  lies  dc  isdiesion  pi‘6s»‘nto»-  nn 
inconvenient. 

Ainsi,  Iocs  dVssais  dans  Ics  s.-dilos  ilcs  lamdcs,  nous  avons  isnislates  «|ur  Im 
pnciis  dc  cciindc  diiimctrc.  ac<-rocliaiit  cni'i'^riiincnicnt  dans  Ic  sal  ct  oonsenant 
sans  dcfaillancc  lour  viiossc  nn;;nlain‘  dans  Ic  passn(jcs  difficilcs,  nvaient  une 
tendance  phis  ;;i'ande  une  les  aiitres  a  passer  cn  patinai:e  total,  ct  ik  d'etiM.'tep. 

I’oiic  eire  ]>his  j'iccis,  nil  dnil  done  diii>  (pie  In  siirdiinensinn  en  dianu-tre 
liennet  la  mi  illeiti*'  Itaiisinissinn  ths  cft'orls  mai-  (|ni-  diiii.s  ilos  sols  vi'aiment 
deiMinrvns  dc  eoln'sioii  eelle  ipialite  v:i  ji  reiiennfre  dn  Init  a  atfei'idre  et  •pi’il 
vrnit  niieux  piel'e'-i'i'  unc  stiidiniension  on  t’elle-ei  lindte  renfoncemont 

ct  par  consoi|ii('iit  rciVorf  dciaande  an  riotenr. 

I’ar  contre.  stir  nii  terrain  )>oi-tant  hieii  ct  dc  hmine  cohesion,  le  pneii  dc 
(.'land  diantcli'c  dniiiicra  tin  effort  an  crochet  siii>plenicntaiit‘. 

lics  ntoiitaci's  stir  j.nitc  t'.ctnt  ii  iih  'lasc  ct  Ic ;  pticiis  dits  *  Loiv  sd'Hom 
luiiiht  tiris*  (lac  nous  avons  evoipics  an  eliajiilr.-  precedent,  eonsiiluent  eiix 
anssi  dcs  ti  nlaiitcs  dc  snidiiiicitsion.  aiais  ccttc  li  is-ci  sans  variation  dc  dia- 
nictre  *. 

Tons  Ics  antcins  sont  d'acco'd  cl  iios  pioj'rcs  •,  ssais  lions  oni  loujoui's 
conrnino  (ptc  Ic  (tain  dadlierciicc  dn  a  la  snidiiitciision  csl  csticint  itieiil  faiblc  si 
ccllc-ci  ne  s‘a<’“(/in]ia!.Mic  [las  dc  raucincnl.il ion  de  poids  stir  rcssivu  nirrt'*- 
pondant. 

Aiitrcnicnt  dil,  si  tin  piicn  de  pins  craml  diainciic  on  de  iiltis  |;raiide  scctit'n 
a  line  eapaeile  dc  charge  pins  jtiainlc  nitc  Ic  piicii  d'orit'oic.  il  fr.al  n.joiilcr  stir 
I'cssitni  tin  poids  coircspoiidani  a  lecait  dc  cliai'j'c  porlaiile  dcs  jnicns  eoiisi- 
dercs  pour  cnrccisttcr  nii  >;ain  cliVcIif  dc  traction. 

)il  ilr  ihitu  ih.v  roui  s  iniint.  —  Cc  cliaiipciiiciit  est  motive 

]»ar  Ic  .soitci  dc  diniitiiicf  dints  di  s  ttriaiiis  poi  lani  loal  la  catisc  dc  resistance 
a  I'avanceiitciil  title  coiistitnciii  Ics  rones  d.e  laiMc  iliaiiiclic  <n  dc  I'aihlc  section 
tpii  s'ciifoncciil  facilcincii'.  crciiscnt  tiiic  otiii.'r.'  cl  jionsscnt  devant  rile  tin 
hoiiri'cict  dc  Icrrc  qiti  icsisic  a  la vanccincnl,  )‘,i’  les  ici.ipli.'caiit  par  dcs  reties 
pins  urandcs  cl  pins  l.ntrcs.  on  rend  la  direction  nn  pen  pins  iliire  iv.iiis  on 
eliiniiic  cn  ttrandc  iiarlic  ccttc  resistance. 

(.')  Choix  d'nn  tracteur  ou  d'lme  machinf}  en  se  pln.caut  au  sen]  point  de  vne 
de  I'adherence. 

he  traeleiir  a  iiniitrc  rones  doiit  ih-tix  molriecs  i-st,  cn  pciternl,  Ic  j>!;w 
rejiaiolii.  I.a  repartition  clrissi.|nc  dc  imids  cst  poiir  !c  traetenr  nn:  t/fj  it  1  avaiit, 

a  rarrii'fc. 

I'lte  sonplcssc  siiffisantc  dii  inotciir  (ct  cn  paeti.'tilier  nnc  pii.^sihilito  iinpor- 
Inntc  de  variation  de  recime)  ct  nn  iior.  lnc  cieve  •  .  \itossc.s  sont  henefiiivns  pour 
rohtention  d  iiMc  hoinie  adlicriitce. 

II  cst  vniiseinhliihlc  (|ii'ini  ciilraincnieni  livtln.’-statiimc  des  tones  appor- 
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tprnit  line  nni6lior»1iun  «lans  re  dtinieiiu*,  sanf  peut-eire,  eomnic  nous  I’avons  vu, 
pour  5e  dfmarrajje  on  nirnie  Km  d#j>tnct*mrnt.H  a  vil^^sse  trcs  Icnte. 

la?  pr»*niu‘r  i:A‘rl\.'cti<*nm*nu*ut  «Kiitt  ruvautapo  imI  eviclontc  est  Ic-  blocaye  de 
difft'reHlifl. 

II  a  pour  but.  KirM|ii'uiii<  nuie  est  rsilentir  tnoni('ntnn6iiieiit  dans  sn  rotation 
par  In  naturr  du  S4il  on  par  nn  rhniit'oniriit  dans  la  ligiir  do  traction  dc  I'outi), 
uH  par  uii  <‘ii(Hirdtssciiiciit  dfi  i  n»rliiiaison  d»i  trar^itir,  d'eviter  qiie  rautre 
roue  nacrtdcn*  rton  niouvcinciit  t*l  lu*  pcnK*  toiite  adMrcncc. 

Lr  role  iioniial  du  dirteivnticl  qiii  ost  tie  Iinii>er  riisuiv  dans  los  conrljcs 
snr  stil  dtir,  est  eii  cITct  sans  ubji-t  dans  ee  eas. 

Li-  Irnt-itur  ii  nunlrc  roiitx  motrifes  est  un  aiiln*  pntpres  sensible;  il  permet 
de  doubler  la  surface  des-impaels  «a<-tifs»  snr  le  stil,  ct  trntilLsor  le  poids  snr 
l  essicu  avaiil.  s,-ins  ipi  il  stiit  r.m-ss;iire  trcfTectuer  iin  report  dc  ebavKC. 

lai  iiieilleUM'  rfjiartitioii  di“  poid  ost  de  la  niuitir  h  I’livant  et  la  iiioitie  a 
rjirriere;  lest|ua{ie  piieiis  tloiveiit  etiv  de  inume  tliainetu*.  l^c  princijial  olrstaclc 
il  I'l'inploi  tic  ei-s  trjicteurs  esi  lour  prix. 

I  ll  type  piirticiiliir  tie  tiacteur  esl  ftliii  tloiit  les  aiifres  rtuies  (iiiottices) 
III  sunt  iiii.-i  hnuiudblis,  inais  numloes  siir  cssieiix  fixts.  las  essienx  soiit  evix- 
nieiiit's  relies  eiitia-  tu\  par  ties  eliiuiies  eiifi'n.ices  tlaiis  ties  caissons  i  luiile. 
li’oiiscmbic  iiiceauitiur  est  puissant  cl  brutal.  t>n  a  tsitnparc  de  lels  eii^jiiis  a  des 
tractfiu-s  niutiLs  de  cltfuilK's  istdees  du  sol,  Kii  fait,  *-»•  stmt  des  tracUuu's  tlont 
les  (nuurc  ioium  motriecs  sent  stilitlaircs  et  liees  par  une  nliseiicc  gciiernlc  tie 
ilirtou'iiticl. 

i!  exLstc,  toutefois.  uii  prolt»ty|K'  tie  traeteur  ii  tjuatre  roues  non  braqunbloa, 
(Jont  les  i-oiies  peuvciit  etre  tlesolitlarLsci's  par  uii  ensemble  eoinplexe  de  diff4- 
ivnticls. 

On  diiiiiniie  ce,;li'inont  la  tleniaiiile  tratlliereiice  faite  an  traeteur  cn  /oct- 
litaiil  Ic  trnniil  <U  I'iiisfriimi  ill  tmiU. 

,\lia.M<loiwiaiu  dr  plus  vii  pins  Ic  intitriir  aiixili.iire,  on  dciiiiiiide  iiu  niotour 
du  '.liuteiir,  par  rintrrmcdiaii e  tie  :-a  pri.>e  tie  force,  tir  founiir  ii  I'oiitil  la 
pai  t  (roiierf,'ii'  <jui  est  (ttiujiuii-s)  inc'iiplo.vor  tluns  et  tnutriir;  iiitrainenumt  des 
piccfs  lravaillai!i  sor  les  imifliines  tie  pseiiilo-laboiir  on  de  reeoltc,  drs  roues 
iK)rtrii;:i’s  tic  la  n-iiio/ijMe,  dc  la  eliarrue-rotalivo. 

('(■  ileriiirr  iiistn'iueiit  i-nct.-rc  assez  (>eu  einplote  en  Kmtipe.  saui'  dims  les 
cult'ircs  marii:cl'.enM,  ptovoijuc  une  tlislocation  ties  ismicIics  snpcrtieiciles  jilus 
intt'Msr  tju  line  cbarrnr  oitliiiaire,  en  tlcniiinibint  line  trnetioii  pins  I'ailile. 

1,;:  [u  isr  dr  ftirtc  'lu  tra<  teur  est  iloiic  un  insli  iiinent  (pii  coiilribue  a  la 
resiil'.'lion  dts  pistbliiurs  d'lidlifTeiitx*. 

llr.stc  eiifin  li  tnu'liiir  ii  il:iinih.<,  si  toutc-s  les  .solutions  pret lidcntes  out 
c“bou4. 

Ijji  cli'.'tiillr  |f€'rii!i't  d  evitrr  1  enfoiieeiiifiit  snr  Ics  sols  siiiis  etibcsioii,  et  tie 
j.ecioiliv  tn  surface  de  conlaft  .•.nr  b>s  .-ittls  pliissaiits.  Kile  n  lu  ll  etoliic  dei>uis 
le.s  liMi.'U'c.  proiojyis'.s  de  la  fni  tin  suVlc  tiornier  et  Ic.s  piviniri-s  ebars  de  ronibat 
dc  i:i!d  I’tiS, 

Aw>y!.  on  lui  ivproche  sou  pri.;;  elev6  trentretirii  et  les  de;;,‘(l.s  quVlIc 


wmmct  {>nr  ripiip*' .stir  Iw  runt(*x,  atnsi  ((iic  son  faiblc  honiirc  anmifl  <rutilisatiun 
fliins  une  ferntr. 

IjVniploi  til*  jR'tilt'M  liobinrs  clr  r.-mutrlioiu*  on  tie  petit.s  ))iiciis  flx^s  sous  Ic 
pulin  ot  poiivnnt  rouler  sur  sol  tltir  tlnns  une  direetioii  juT]M'ntliculaire  a 
Taxe  till  tiaetiur.  faeilite  I  evutiilioii,  ii5it;iiK'iite  la  vito.ssc  tie  (Ifplaconieut  et 
limitf  Tusure. 

iViix  tloin.niiies  d’anioliomlion  s*offreiit  aiix  olierflioiirs ;  reiidre  missi  jh-u 
solidnircH  ijnr  possihle  fes  putins  |tour  limiter  lii  tijiiisinission  dts  t/foits  lungi- 
iudinau.x  (e’esi  le  ineiiir  pruMeme  ipu*  [tour  lo  piien)  et  iHiieli.irer  Ic  loulement 
du  Iraeteiir  sur  l:i  face  interne  des  iiatins. 

Pouvoos-noos  apres  ces  iuventaires, 
essayer  de  claaser  les  modes  d'adbereace? 

Lt  poids:  e'lst  1  element  le  jilus  aiieifimement  utilise.  Son  role  est  de 
constiluer  .soii.s  la  roue  iiii  vuliinie  tie  lenv  jiliis  dense  risistiiiit  mieiix  an 
eisailicnu'iit.  f'est  dans  les  .sols  Icfjer-s,  .sahloniieiix,  <pie  le  poids  fst  le  plus 
ii6et‘.ssairc  nu  traeleur. 

Or,  on  doit  euiistater  ipie  la  plu.s  f'laiidf  anaiTliie  eegiie  dans  les  eliarges 
sur  lV.s.sieu  nioteur  du  traeteur,  pnistpie,  a  luiis'sunee  tie  inoieiii'  ogale,  cut's 
varieiit  ties  le  rapmtrl  tie  I  a 

Si  le  poitls  est  trop  faihle,  on  atteiiit  le  piilinaf'e  total  hien  iiejint  ((ue  le 
moteur  nail  tlniuie  .sa  pnissanee  ma.Nimnni.  Sil  est  trop  fort,  le  moteur 
s'ctmirtV  avant  patinape  total  On  in  ut  detei  iuiin'r  pour  im  moilele  tie  teaeteur 
et  sur  iin  sol  doiiiie  le  rapiM)!-!  iMtiils-inii.s.siinte  le  plus  favoriible. 

On  est  iiiiiile  tlans  raujjnifiitatitiir  di-  poids  pnr  le  fail  tpi’eUe  eutraiiie  eello 
tic  la  lesistauie  a  l  avanta'incnt. 

Kn  outre,  le  |Miiils  pent  pi-oviKpier  I’eiiliseineiit  tlans  un  sol  sans  cohesion  .si 
lo  inicu  <m  la  elniiillo  n'ttnt  i>a.s  tin  prtifil  :i|>j>rt'pric. 

11  ifin,  on  rismie  tie  tas.ser  le  sol  et  d'aspby.sier  les  rat  ines.  Seuls  les  sols 
forreeleineitt  tr.iv.ailles  et  nuxlerement  liuinitles  re])rentii'nt  cumplelement  leur 
structure  primitive  tipre.s  Ic  passage  iriine  elntrge  tjui  les  a  eoinprimes. 

l/c  poitls  est  tlone  lie  a  tine  siirfaee  iKirtanle  aiipropriee. 

La  Aiir/aer  p'jrtniiti':  Sur  un  tatl  argileuv,  eoriijiiMt  et  glissiint,  I'ltupmen- 
tatiftn  tie  ptiitls  est  tie  fnible  utilite  a  jitirlir  tin  moment  on  les  barrettes  p6netreiit 
dan.s  lo  sol:  le  piieit  s'oiirobe  do  leire  et  I'oii  rcetinstitiie  une  roue  lissc. 

11  faut  aeeniitrc  le  noiiibiv  de.s  unites  tie  te.sistanee  an  glisseinent  et  teei 
triullaiil  plus  ipi'elle.s  out  uiie  faible  valeiir.  On  elierelie  done  a  iiceroitrc  la 
siirfaee  tie  eontael. 

II  faut  pre.snite  loujonrs  avoir  une  surfme  iniportiinie  I'our  e\iler  IViifon- 
ineiil,  ear  le  patiiiape  oleve  est  a  la  rigtieiir  tolcnible  moiiieiitaiiciiient  si  le 
traeleur  iie  s'eiilise  pa.s. 

La  forme  ct  les  proportions  de  eettc  surl'are  lie  .sont  pa.s  iniliff^reiitrs. 

Xous  !i.’ivons  tjue  si  un  piieii  larpe  resiste  a  reiifoiieement  (inais  aiis-si  a 
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rnvanr\«mfnt)  tm  jhumi  *U'  I'liiiuT  «tuii)n'ti<’  iiiTIiric  mm's  i>cut  iiffpoilre 

Ic  pntinii^c  dos  sols  .s;ni.s  4-nliosion. 

i!  <‘xist(>  (t<mtos  <'hosos  olmil  6};ii!rs  pm-  oillrniN)  di-s  mpporls  Mitio  la 
sootiun  (riiii  piii-uiiiiiti(|tii'  <*t  son  diiinu'tiv,  (jiii  sotU  i>his  I'iivoiohlis  (|(U'  d‘m;trcs 
A  line  lionno  jullif n*nc('.  piirfois  tlmis  di-s  liiiiilcs  livs  otroiti’s  ct  sans  (pt'oii  siifhe 
loujolirs  pf  iM-||iioi. 

Pour  nil  piu'U  dfforniine,  il  oxislo  inn-  lm;:cui-  do  jaiito  o])tiiniini  'jui  n'est 
pas  oblijf!ifoiioiiu-nt  la  plus  iin|»n-tanto. 

Lt  nipjiitrt  (ntn  hi  hmitt  iir  i  t  I'l'jiniwi  nr  ih  s  hiirn  th  s,  aiiisi  <|Ui'  !<•  rapport 
I'litn*  Idir  1  piiissi  tir  it  /<’.<  rspoers  4/1/1  Irx  .<t'i>iimil  joiiciil  •'"ali-nn-nt  un  vole  /pii 
varii*  d’iiilleuiN  solon  lo.s  foriiiins. 

On  a  ossavc  do  conilnncr  snrra/a-  i-I  a/'oroclia};/-  pour  la  i-ln  nilli'  cn  iminissar.t 
It’S  initins  tio  <  rainpoiis.  A  inoins  do  iloniior  a  (  ciix-i  i  uii  ilovrlojipi-mi'nt  coiisi- 
•lorahlo,  Ics  ivsnlliils  vniit  asMV.  pen  dt'nioiist  rat  it's. 

I>:i  force  lies  patiiis  de  chenilles,  leiir  rapport  entre  h  iir  laroi-nr  ct  I'ospiice 
(pii  Ips  separent  a  fail  o);alcinent  I'olijet  detinles  jiarl  ictdiercs 

Pour  iwcnir  an  piicn.  il  est  \  raiscntlilalile  /pic  les  li.iisoiis  enlic  un  sol  d'liiie 
(;i'an'.iloinclric  dctci  iiiiiipc  cl  la  sni  facc  d  im  pm  u  ne  sont  pas  Ics  nirnics  scion 
qu'il  s'ajjit  <rnn  ifrniiit  jnicu  on  d'uii  pi  lit. 

I/iihiiissi  iiuut  lie  piission  it  In  .v</>i/<//.<\/  dc  rciivcloppe  ipii  cii  dccoiilriit 
(ct  /pii  ancmcnteiil  <|iiand  Icpaisscur  dc  la  ciueasse  diniinuci  ionciit  Ic  role  uno 
nous  avons  sijinale;  surface  pins  >;rande  ct  iniciix  rcparlie,  mcillcur  antt»-nct- 

toya}i<‘. 

Alais  cot  aplalisscinciit  do  la  haiide  dc  ronleincnt  n'est  cfl'cctif  i|Uc  si  le 
pneu  est  .sunis/iiiinicMl  cliarye.  II  doit  relic  i>ralii|ncniiiit  an  rois-ininji  ili  su 
charfif  HitiuiiKilc. 

T'n  pncii  (pii  a,  dc  par  s;i  consirnclion  niic  lar;;c  l>andc  dc  ronleincnt.  on 
qui  a  nil  aplatissmiient  inipurlant  jionr  nn  faihlc  ahaisscnieiit  dc  pressioii  (on 
lino  faihlc  snreluii>:c)  a  done  lioniic  iiptitiidc  a  radlici-encc. 

Sipnalons  an  jiassapc  la  contradiction  ipii  c.sisic  ciitrc  Ic  hesoin  dc  .sc 
ilcbarrasscr  aisciiunt  <le  la  terre  ciitrc  h.irrcltes  cl  la  ncci-asite  dc  inainlciiir, 
d'cnfcniicr  sons  Ic  piieii,  nn  sol  doiit  an  icnt  aucmciitcr  la  cohesion  sons 
I'cfFct  dn  poids. 

Diffciciils  c.ssais  Kill  d'aillcnrs  etc  fails  jxnir  rcaliscr.  a  riiilcntioii  dc  la 
cnllniv  dans  Ics  sahlcs,  dcs  piicns  doni  la  liaiidc  dc  ronleincnt  iiillccliic  dans  .sa 
partic  inodiaiic,  tciitc  d'nnpiihir  /'I'l  inili  inr iif  lateral  dc  cc  sable. 

Mnis,  lors/pt'oi;  .-ihordc  nn  sol  snirisainiiiciil  /'onsistaiit  ct  sec,  rclalcincnt 
du  ]nieii  dcvicnl  icnlilc  cl  mcme  imisihlc  cn  raison  dc  rnsnrc. 

11  faiit  done  ponvoir  fairc  varier  ceitc  pression. 

Vi'riiihilili  ills  niipp  ns  il'iidhi  n  nn .  —  Kn  raison  dn  earacterc  clianpeant 
dcs  .sols  ct  dc  !ji  varicic  dcs  Iravanx.  il  fatil  ipic  Ics  moyeiis  d'aeeroitre  I'iidlie- 
rence  pnissi-nl  (‘•tic  iiiiHlirn's  fm-ilcinent,  liiiiidcnient  ct  avee  nne  cninde  jirocre.s- 
sivit4:  rej'laj'O  dcs  oniils,  icass-.s  ninovihles.  transfert  des  chaiftes  rcpondcnl  A 
CCS  exigences.  II  seniil  sonlniitidilc  ipic  Ic  eoiidnetcnr  d'nn  traetc'ur  piii.ssc  a 
tout  nioinciit  cliiiiiii'i  r  la  in-i'.ssion  dc  .ses  pnens  sans  dcsceiidre  dc  son  siepc. 


Cl'  (ii  nio  tlo  ilispositif  nVxistc  a  ii<>ti-e  fonninssiUKf  (jne  .‘«ir  di-s  tnirtcurs 
I’oivst  id's  ru*<os. 

Si^jnaloiis  ;n<ssi  Ifs  cliiri'issciufiUs  iiiiiox ihli's  dcs  pntins  ile  chenilles  et  la 
|Mis,sil)ilite.  snr  ei-rfains  modrles  «le  triifleui-s,  de  faiiv  varier  la  longueur  de 
elietiille  eii  eont.i.-l  avoc  lo  sul. 

I'nr  ijnntih  xnujifrssi'  thins  lex  liiiixoiis  rniilcmnit  ft  multur  est 

tifiilfmtnt  soiihiiitiihh.  Suit  inie  eelfe  suuidessi'  pniviemu'  tin  moteur  lui-nieine, 
suit  (|u'elle  pnivieiiue  lies  t I'aiistiiissioiis,  suit  etilin  iiu'elle  suit  doniiee  par  les 
(lanes  ilu  luieni  tat iijiie  (ipii  iloiveiit  neaiiiiiuiiis  etie  Irt-s  I'liluisles). 

Ci’i'lains  tl'Ofelieins  (lilt  ex|i('riiiien((''  lies  roues  ayaiit  line  liaison  souple 
eiitre  la  jaiite  et  i'essieit,  itiaisei-s  ilispusitil's  sunt  restes  lies  euriusites  nifeaiiiques. 

1^1  siui)>lesse  est,  eii  paftiiutier,  lu'-iessaire  piiiir  poiivoir  travaiiler  avec 
till  etVort  inipuitaiit  et  lies  paliiiages  iiiiiiiieiitaiu's  elevi's.  II  est  sans  iii)]K>iiaiiee 
dans  ce  eas  ile  (rav  aillir  pivs  ilu  patiiiage  total  poiirvu  iproii  ne  lalteigiie  pas. 

II  est  utile  ile  tfiniin  in  r  I'rffnrl  risishnil  des  iiiaehiiies  ti'iietees  uu  portfes 
ell  les  llliiiliriallt  oil  ell  les  leell'allt  pour  tprelles  pllisseiit  lltiliser  leneigie 
ilispoiiilile  a  la  jirisi  tU  fnii(  ilu  traeteiir. 

Miitiii,  le  leeours  a  des  ilisposilit's  (pii  iiis'teiiileiit  aller  jiiintlrf  Hjipiii  e» 
pro/oiittciii  t\iiii!i  le  sol  est,  saiit"  eas  part ieiiliers,  ilepuiiivu  d'iiitcrel. 


CoacIusioQ 

Uiiiis  la  I'eeliei'i'he  d'uii  fi'sultiit  I'avorahk*  ile  refl’ort  de  noire  levier, 
e'est-a-iliiv  ilu  iiiuuveiiieiit  eii  avant,  nous  iivoiis  examine  les  nioyens  eniiiloyfi 
et  lento  d  ell  ilegager  mieliiues  priiieipes. 

Ce  n'est  pas,  dans  la  pn'iiijUe.  :i  iiii  point  de  eontael  snr  iiii  sol  delermiii# 
i|uc  nous  iiviiiis  afl'a'ii'e,  niais  a  line  snri'aee  d’appiii  plus  on  nioiiis  definie,  plus 
oil  iiioins  piaiiile,  plus  ou  niiiins  souple,  jiliis  on  nioins  senlplee  ijiii  repose  siir 
line  iiifinie  varielc  ik  sol. 

Le  roulenieiit  a^:l■ieole  est  eiil’eriiie  dans  des  eontraintes  la-aiieoup  plus 
scveies  (pie  les  aiilres  I'ouleim  nts  «  out  of  the  lojul  »  innu'  les  rtiisons  suivaiUc.s: 

Le  eiillivateur  doit  pareourir  In  siufair  enliei’r  de  eliaipie  piiVe  de  tcriv. 

11  doit  cicer  line  stiuelnie  lU'teriiiinee  du  sol,  et  iiisnite  lie  pas  pirtiirlier 
lii  surface  ipi'il  a  ereee. 

J1  doit  eoiieilier  lies  neeessites  a]ij>araiiinieiit  ineoneiliahles •.  eomjirinier  le 
•sol  sans  le  tasser,  adlieier  sans  user,  ete. 

I!  doit  teiiir  eoniptc  dans  ses  dates  de  roulenieiit  el  de  travail  du  temps 
iieeessiiire  an  developiieiiient  lies  vepelaii.x  ipi’il  pltintc  ou  seme, 

II  nr  doit  recoui  ii'  iioiir  ii.isiirer  sun  iidlu'ietiee  ipi'a  des  lieluiiiiiu's  renlables. 

ffst  p/)iiri]iioi,  iiiiiix  poiiroiis  tiirc  i/iu  ritiitie  thx  pnihU'mrx  tit  roiikinriit 
fit  tiiiruitlturc  fiinxlihic  hi  mfillturc  eeo/f  jioitr  la  rt'siiliitiiin  tics  probloncs  df 
l■oul^'m^'llt  tons  tcrniinx. 
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Triebkraftsteigerung  bei  Gelandefahrzeiigen 
dnrch  das  Schiib-Schritt-Verfa)!iren 

Increased  draft  for  wheeled  vehicles 
operating  outside  the  roadway 
by  the  « thrust-stride-system  » 

Su  un  m&zzo  per  aumentare  lo  sforzo  di  trazione 
dei  veicoli  destinati  at  movimento  fuori  strada 

Hans  \ox  SvnKi,  -  Krasz  I  :KON.<i-;-SfiiAKM axx  •) 


abstract.  --  A  basic  stud;/  of  soil  irhcci  mccbavtcs  has  revealed  that  you  can 
tran^Jer  a  considerable  stronger  draft  to  soil  outside  the  normal  roadway  by  a  resting 
tehee/  than  you  can  do  this  by  a  normally  driven  rolling  wheel.  Therefore  a  periodically 
agitated  two-eycle  driring  system  is  proposed  for  vehicles  irith  pneumatic  tyres,  .such 
systern  being  supposed  to  become  effective  under  occasional  diyicult  conditions  only. 

This  variation  of  applying  a  draft  is  charactcrUed  by  art  alternating  movement  of 
performing  a  stride,  ss’iilst  the  wheel  is  rotating  with  little  or  wit/icnit  pull,  to  be 
tnilop'r'd  bg  -a  locking  cycle  of  the  same  ichect  non-revoli-.ng.  during  iclrch  cycle  the 
tractor  is  pushed  fi^raard  against  the  resting  wheel  by  suitable  rnechariccl  or  hydraulic 
mrans.  On  striding  fnnrard  wheels  may  be  discorged  of  weight  in  order  to  make 
dcircc'c  the  rolling  resistance.  The  kinematics  of  stopping  and  striding  are  irmcUronised 
such  that  tin  almost  per, ret  continuation  of  i<!i;ele  velocity  and  pushing  force  is  achieved. 

Tests  of  this  d-.rice  in  soil,  which  were  executed  bg  the  Munich  Institute  of 
Agricultural  Engineer. rg.  h'lic  sheu-n  the  expected  pull  increased  in  compcn.son  with 
a  riirrrnally  driven  voheel.  This  is  due  to  a  fint  soil-deformation  stage  achieved  bg  a 
b..!ti  r  ii^c  cf  sal  cohesion  ivi'/ii.i  the  gri;ipir.g  length  and  lo  an  additional  deforrr.alion 
Incurred  by  the  ancacege  reaction  of  the  prc.s.'-.'d  soil  m,isscs  ccling  on  the  wheel 
sunk  meanwhile  less  or  rrore.  A  muddy  scl  pr.-oiidrs  ihe  locked  end  sm.hing  wheel  with 
more  time  for  getting  la  touch  with  the  uvderground  resisting  wiore  cljcctiveig,  after 
the  li'Iieel  has  pushed  cn.ny  the  slush.  A  yet  more  favourable  anchorage  effect  is 
achieved,  it  —  depending  on  step-length  and  whcvt-uistarice  -  the  tread  r,,essca  before 
can  tw’  used  by  the  following  wheels  striding  and  stopping  in  the  snrne  manner. 


V7ie  wir  zum  Thtuaa  gelan^ea 

Vor  grijniiiHT  Zrit  wirtJe  unil  vv.hlo  im  J5;iyi'nil:iiul  jls  sfliiiptVrisch 
Iiigonirur  init  iinivt-fSiiU’in  Ulirk  i-lii  lifsvln  'uIcium-  Liiiul'vlflniiimi,  <.U'r 
.•M'iii  Siiinrii  /.I’it  I^'lnns  dvr  Ti-rlmik  in  dvr  liniidwiiiM-lnift  /.iiMriidtv; 


Techn'uvhe  l!o»U.'-*!.uI*\  Mumdirn  (<5»'m*»?iy). 


Clemons  Fivilicrr  von  Boolilulslioini,  llilil  f>  s<‘iii  Diliiiisoliicht- 

Stronnin"sj)r:;'.zi|i  in  ilei-  ScliloiKlor,  (Oil"  Milclisi-Iilfinlor,  vi'i'Inindon 

mit  Uin  eiii  Viclliiolios  eriuililor  Ti-onnscliiirli-  »n<J  i  li  iti  MciiKoinhuoli- 

snlz  houtc  in  .‘illor  Wolf  nooli  iinvoiiiinlort  •iciitity-t  'vinl,  isl  dns  slilln  Rinj»fti 
mil  «loii  Seliivitwiifion,  ilas  so'iim  l.olionsahoiKl  a(i>liillfo,  mi  i  lii'iii  Soliiil Ion  oinor 
kinoinalisohon  Sfiulio '  un»l  oinor  \'oi-suolisaiK(ul>i’>in!;  kanin  lioriiiw^'otrctcn, 


Ilil.l  1.  —  I'n-  Si  liri'ilkiiii-hiaiik  orliitKo  •■-••iiii'ti  I  .oIumimaIii'Mi). 


HiUl  2.  (Ill  <lal)oi  wolil  oin  ^Ilt^'|•lM•^vn^stsoin  i,)!i 'pn'llo,  dass  lu-i  del'  Alikolir 
voin  stii|irondoii  Zu^itior  zmn  r»dlor.iloin  'riiolnvol  ii'iionditwao  voikoiirt  soin 
niusso,  wor  lorma^r  os  nooh  zn  sa"i-n.  I'lis  l.lioli  nls  amo;:ondos  \  oniliioliinis, 
dcr  Walirlioil  aiif  don  <!rnnd  •loliond  z.ii  orf'-fsolun,  uarniu  oigonilioli  dor 
stnjjt’ondo  11  nf  iiiolir  Ziifikoal'i  am'  don  Bndoii  idisliiizoii  als  dilH  stoti" 

vorrollondo  Triohrad. 

I'm  dalnd  jod.H'li  dio  Niifzanwonduiij^  in  nsd :si isohotn  (ioloiso  zii  lialtcn, 
gait  os  diH-li  wold  \oi!H  liallIo.s  anz.uorkonnon,  da-.s  doi’ .'dnuilcndo  I’lall  1  uss  dos 
.N’iedorilinok-Ackoi  liit'ti'oifi  ns  mil  soiiiom  In  i  Soliinjif  aniiohniiiaron 

Wiricnnysgrail  dor  kaioi-j;  •iii)ortra;4iin”  iiiid  ia  In  'Hiidi  io  ant  boinoi-  l'(iunn:i<^ 
I’iir  liolioro  (JosoInvindiBkoiton  mil’  *lor  Stiassi-  odio  iiir  dio  inoiston  flokindc- 


—  8!»7  - 


liiHlingu/ijion  aunsi'rst  iM-frieilij^ndc  f^iisiiii"  darstollt,  <lic  duroh  oine  Sclu*eit- 
MU'chanik  zii  crsptr.oii,  pauz  \uid  par  aussclu'idcf.  Alu'r  fur  schwiorigo  FfiUc, 
ill  driun  IjurtivitVn  zu  vcisuf'i-ii  uiirc  iiiinuM  liiii  die  Fia^e,  olt  diinu 

iiieltt  I'in  Scliieiti-n  des  liUftivifeiis  si'n>er  die  eiahnte  uiid  i)isher  nielit  liiurei- 
ehend  betirundetc  Triel)krjiffstei<'eniu<;  ei-hriiehte.  In  soleiicm  iK'scheidenercm 
Knliiiun  der  Mrjjiinzuntj  Kei^eiieii.  "alt  es  also  niclil  iiber  die  iioch  so  ivizvolle 


’J.  —  Iht  Srltroiluiiufti  •l»'>  rrf*ilu‘rri»  v.  V.»*» 

1>H1*  uii>  .liMii  .Ijihtf  lUlil, 


Kineinatik  des  (ieliiil)es  der  krabkelndm  Viel) ii>sler,  smulern  alli-in  lilier  den 
\\  alilwei.se  rallt-nd  oder  seliieiteiul  tieibenden  lailtreireii  naeh  eiu.'r  iiitermit- 
tieremleii  Aati  ieltsvariante  /.u  suelien,  die  ei"i  ntlieli  inir  iin  Notfall  in  l''unktiui\ 
tiiite,  wiiliieml  e.s  in  der  l{e"el  beiin  kontinuievliehen  Vonolleii  des  Tiiehrades 
verhliebe. 

Hei  der  experimentellen  Veifidfriui"  de.s  AbstiilzelTekles  ini  Selireitcn 
konnieii  wir  an  Vurstellinijxen  von  Kurt  SchroUr  anknuiifen.  eiiiein  KalirzeU"- 
l>ioiiier  alls  Tlniiiii"en.  iler  selion  vor  /.wanzi"  daliren  An’,;in"er  niit  unter 
der  l,adellae!ie  in  Zn"\ielitunf'  verseliieMiarer  llinterarlise  aus"eriistet  kattc; 
dal)>'i  hewirkte  ein  dureh  Zapfwelle  l)et;iti"ter  //ahnstan"entriel)  abweehsolnd 
<las  Vorrolleii  des  Aclissalzes  unter  der  ilalnd  stillsIelieiuU  n  Ladeiiritselie  und 
dann  bei  bloekiei-ten  Kiidern  da.s  \'orM'liiebeii  der.selbeii.  Wiilireiid  des  \  or- 
z.ii  hens  des  Aebssatzes  Hess  man  in  diesen  ^•!•l'ol"\■ersl>reelu'IuU•u  Versiiehen  dcn 
Sehlcpper  his  zu  100  .schln pfen. 


Die  Idee  des  Scbab-Schritt-Verfahrens  *) 


I’nfer  Solmb  Scliiitt-WiTjihii'ii  isf  hiorn.irh  «Iic‘  Art  lUld  ^^ei-sc 

(U'r  K«»rllu>\vo;{iiiig  cinos  zu  v»‘iNlf  lun,  Ih'I  dor  dir  Kader 

nl)\vi‘i‘h>ioliid  stillsiclirn  uiid  didn-i  S«'lit>l>ki-art»'  aiif  drn  Kiilir/enprillllHf  ubcr- 
inijroii,  mul  dami  wicdor  tim  oiiu*  Ihslimiuti's  Siiirk  (S<-hr»tt)  dcm 

von-dlli'ti.  Dii*  Ho\v«-s'Uii};t'ii  <!<r  jewrils  stillHlohciiilt'Hi  tricb- 
kraitalistiitzi'iuli'M  Riidcr  «iid  dor  jt-woils  n>lli'i»doti  Hiidor  sind  si»  nlll'fiiionder 
al>"ost iiiimt.  dass  ciiu'  koiitiimiorlioln-  Si‘IiiiI)ki'afl  imd  jjli'lrliniassige 

Kalirf'osolnvindij'kcit  des  Kalirzoiigos  oiitslolit.  Wcrdon  die  jeweils  iiil'l’dllendcii 
Ifiidor  li'ilvvoiso  odor  gatiz  von  s«‘iikn-«-htor  l.asi  Ix-freit.  s«  kniiii  mall  di'dim-h 
drii  HolKvidei'staiid  ln-tiiiolitlioii  si-iikt  ii  tind  In-i  vollkomiiu-ner  Knlla.HlIIIIK  sosar 
/mil  Wisclnviiidon  Iningcn.  l>io  Kiillasumg  ilor  vorrollotnleti  Hllder  bat 
wrileiliiti  eino  zusiit/Iiclio  Holasliiiig  d«-r  vvjiliii'iiildessi-ii  s*il!stoliemlrHf  Triob- 
kral’t  ahsliit/oiidoM  l<iidcr  ziir  Folge.  wi.diircb  dii^st*  wiodonini  grossi'N*  Trieb- 
ki'iiilo  a)istiii/rii  kdiiiu'ii.  Alls  Staliiiiiiilsgiiindrii  ist  oiiio  volIkonuni’Hi'  Ktdlns* 
lung  ,j('dtioli  i-rsl  l)ci  eiiii‘iii  srrbsriidriifron  Kalirzoii)'  jnaktisoli  zu  v«‘ni'lrklt<’bcn. 
Wild  kiiiic  odi'f  riiir  ciiu-  tci'uei'io  Kiitlasliiiig  dor  vorrolleiidell  IJiidcr 
vorui  iKiimiicii,  so  kdniK'ii  dieso  lii’ini  VoiiolloM  ziir  Triclikraltalxstiil/llMB  md 
liorangozofron  wcrdcii,  wciiii  man  sie  roliorend  aiilreibt. 

llaniitiiiorkiiialo  dor  die  gosoliildorli*  Fahrwoise  venviikliolii  iiden  Koiistnik* 
lion  sind  dir  mil  ciiior  SpcirvorricJiliuig  virsiln  neii  Kiiiler,  dio  in  M’liiknlor 
Kliono  nin  liorizontale  AoIimmi  diircli  Stoiur/ylindiM’  Iiydiaulisch  geNi’liueiikt 
mid  aiisscrdcin  in  l^icliUmg  <lor  Ifmlstiit/.e  liydraiilisoli  lie-  wlcr  rnlbistrt 
woidtii,  wic  dies  in  Itild  lUr  'dn  allnulgolriolHius  zwoiarlisigi'H  llrlniidc- 
falirzong  skizziorl  ist. 

Dor  roliofoiidc  Aiilrioli  dor  Ifiidi  r  kaim  nnidimiisch  zmii  Boi-splrl  ubcr 
I  !ol('iikwolloii  \iMn  DillVi'onlialgclrioho  aiis  odiT  hydfaiilisidi  diireli  in  <11®^ 
Itiidor  I'ingoliaulo  Oolmoloro  orfoliroii.  Ini  l’’iillo  dos  I)iironntiiil|ti H'lidies 
koniml,  wonn  das  oiiio  I{ad  g(.>jii:rt  wird  imd  das  niidore  daiiii  mil  ilojiprltrr 
( iosolnviiidigkoif  voroill.  ini  ?liHol  dii’-sidln-  Voi iriolisgoso  Invindigkoit  /ilsinndo, 
als  ob  iK'ido  Itiidor  wio  norni.d  gloiolizoili*;  rulioiond  :m"otriol'on  werdol).  Bcim 
hydrosialisolioii  .\nlrioIi  isl  ilio  glriclio  DilTvrontialu  irkrng  diir<di  l*aridlol*>i*lialti'ii 
dor  Hadiiioloro  zu  orroiolioii.  Das  Idii.slolU'ii  dor  So]ii:b-.‘<olirill-KiiirieliliIiiB  bat 
iJalior  ant'  dio  Fortliowooiingsgosolnviiidigkcit  <b's  Faliiv.oiigos  koiiioii  Klldbiss. 

Dio  Sporrung  dos  Kudos  wiiliroiid  dor  Absliitzjioiioilc  kaiin  niorlinnisrk 
odor  iiydrmilisoli  I'rrolgon ;  Moolianisoli  /uni  IJoispicl  diiroh  den  hinbau 
bi'kaniitor  Sperroorriolilmigon  wio  Froilaiif  odor  Kliiikoiigosporro  in  die  Iwlder, 
dio  ilio  Dridiung  dos  jowoils  /nriii-kbloiliviidi-n  Kmlos  oiitgogoii  dot*  I'abrt- 
riolitiing  wrliindorii.  Boi  Vorwonihiiip  vmi  Kad-()oliiu)toroii  wird  ilie  llbiokio- 
rmi};  ihiroli  Alisolialton  do.s  ()olfbis.sos  orroiolit. 

*)  Aiinii'riuiiit: :  Diosor  Mrilrnc  l■lllllult  nU!-zui;^»i'iso  ilir  Di.'ZJ'rlrtlion 

7.\vpilj;cnaniili‘ii  Vtrfuysi  r.x  iius  tlrin  Inxtitut  fiir  Lainlmasohinoti  ilor  Toolin'i.<ulion  lli»rli'‘'nul* 
Miini'lirM,  rina'Ti-irlil  IWflO. 


Bdm  allm<1nn^i'tru'lM‘iion  Zwi'iachsfiihrwU}!  mil  S«-lml>-Schfitl-Kiiirichlung 
••rfuljil  «l;it  )iri'iiMlisi-lu-  Al»l>i‘»'iusrii  iiiul  Vuriniifon  «lfr  Uii<K‘r  si»,  <1jiss  sowolil 
nuf  Kuhr/viijisciio  ills  aurh  ati  jislrr  A«-hsc  iltis  i-iiu-  ItaJ  nliRohromsl  ist, 

waliiviitl  flas  atiilvn*  viin'ill,  woiliuch  t*in  pfriotli.srlu.'s  AuM-iiiiiiulcrluuFi'ii  und 
wicilor  Xasainnu'iiIaulVii  ili'r  Uiidoi*  ;uif  jester  FiiliV7.eu*'seit<“,  Shiilicli  tlem 
I’assgan.K  ties  Kamtlvs,  zustamle  kuninit.  Beim  allrailaii^i-trit'lK'iien  Diviaelis- 
tuhi'ZA'Up  mil  SeUuli-Selii-itl-Kuu‘ieUtuu>»  (BiUl  4)  erfolul  'las  jiiTiodise-lic  Voreilen 


UiM  a.  —  Z'Vria.Ii^rnlirAvdjj  iiiit  Allrii'liintrii'li  nail  Srliiil.  Si-liriU-Kiiiriihmnc; 
AHf  AiT  vim'll  Siiio  /iiMiiniiic.iliiiirciiil,  uyf  .Ivr  I'li'lrn-ii  iiiiM'iiiiiiiili't- 
rcl’cn*!,  u  'lo  I'vim 


mid  AIiltiTiiiM'ii  del-  Iliidcr  so,  tiass  anf  jeder  l’'idn/.i'U"M‘ite  jeweils  eiii  Bad 
voivilt.  wiiIk'I  es  Jrilwvise  odiT  jiali/  Von  senkreeliler  I. as!  IjvUiil  ist,  iviilirnid 
die  aiKli-ren  zwvi  Kiider  K<'S|HTrt  sind  niul  in  der  iH-MlirielieiU'ii  Weise  Vor- 
tiii'hsknli’ir  anf  di  ii  I'lilirzen^ruuipf  iil)ertiaix'’n. 

I)ie  diiicli  den  leeliten  ZiIindiT  liiii-  mid  hii"eseli\M'nklo  Kiulsiiitzc  ist 
ill  Hild  als  li.vdriiidisi'lii's  Federliein  .•idK‘'l)il'l'*t.  woln  i  diindi  Sleiii  illll',;  dcs 
f)oldriU'1;i-s  ini  liiikiii  Z.vlindi-r  die  lirselirielieiie  Hntlastmii;  der  Kiider  beim 
Vorrolli-ii  voimeiiiiiiinieii  werden  kiiim.  lias  M-lieiiialiM-li  aii;;edeiitetc  I’ederele- 
inoiit  kcnii  als  SelirimlK'iifisler  oiler  tlmiiiiiifisliT  oder  aiioli  als  ljut’tl'eder 
aiispebildri  seiii.  i)ie  laiftfedermi<j  lieispi'dsweisi*  aiisoi'lulivt  als  eiiie  iiiit 
Driiekliu'l  oefiillle  Blase,  ivelelie  diiridi  den  t)e1dniek  zusaiiinicnoepresst  wird, 
kaiiii  ain-h  aiisseilialli  dor  Hadstut/.eii  angeordiiet  werden;  bieislmeli  wiirc 
pewiilirlii>tet.  dass  ilie  Kedi-rmifj  miabliiin;;ig  von  der  niit  deiii  (b'ldniek 
veriiiiderlielieii  IJiii^e  der  Kadsliit/.en  voll  erlialteii  bleibt.  Der  Falnv.eiii; 
lenknii;:  dii-iit  ein  Drelizapfen.  iini  mid  den  das  •ranze  llydraidik-K.idf'i  stell 
mit  seiiii-r  AehseseliweliklKir  ist. 


—  1>01  — 


Die  Theorie  des  Schub-Schritt-Verfahrens 

Mit  wclclifu  Vnr.sti'lliinm'n  kann  laaii  min  tlu'oivtiscli  Klarlicit  in  don 
Vorgnnti  dor  Triobknirialistiit/.unjf  oistoiis  Im  )  oiiuin  lilookioiton  Rnd  \nid 
zwoiteiis  Ikm  oiiiom  rolioivndon  I'oiohrad  liinoinliringon  ? 

Hokniintlioh  haut  sioli  die  Tiiohkiaft  auC  don  Solml)si»nnminijcii  in  der 
Auflaf'ctlaclio  mif.  Dioso  Scluilisi»anmiii"on  '  vorlaiiron  in  oiiioni  bindigon 
Bodoii  mil  /.uiiolmu'iidor  W  i  rinnnmg  x  wio  in  Hild  0  daruostollt.  Ab  einoni 
liostiinniton  Vorl'niiniingMvog  ist  dio  Kuliii-oon  e  dos  Bodons  iiboi'wunilon  and 
dio  S<-biil>sjianmmg  liilll  von  ilirom  lloolistwri  t  ( Sola  rl'ostigkoit)  mif  l  inon 
blossoii  Koilmngsanloil  <z  •  tan  lliorin  Ixdoiitt  n  c  dio  Norinalsinitmung 
und  y  don  Winkol  tloi-  innoron  Hoibiing. 


HiM  6.  —  S  uinl  V«*i 


Triebkraftabstutsung  beim  blockiei-ten  Rad.  —  Sot/.t  man  min  oin  durch 
ciii  (b'sporro  blookioitos  Ibui  init’  dom  Hwlon  aiif  mid  In-lastot  os  mit  oinor 
sonkreohton  l^ast  t!.  so  orgibt  sioli  in  d«T  Anllav'oll^iolu'  oino  l)rnoUs|niiiiuings- 
vortoibing  o.  dio  jo  iiaoli  l{ad<luioliaussrr  und  Uroito,  Ib  it'i  nlnt tdniok  tmd 
Roifonslcili*'koit.  Bodonznstand  ii.s.w.  voisohiodomuli!'  ausfiilit,  die  ithor 
zimru'lisi  als  gloiolil'iiiiiiig  angonomnion  woulon  miloo. 

Ziolit  man  mit  oinor  lunizonfalon  /.n;;krait  T  an  dom  blockioiton  Bade, 
so  vorsoliioiit  sioli  iliosfs  in  IJiobtung  dor  Zngkrat't  naoli  riiokwiirt.s.  Zum 
lH's.si  ron  Vi  rstiindnis  soil  dor  Absliitzvorgang  niitortidlt  worden ; 

'  In  oinom  irston  Alisolmitt  nidjjo  dio  Vort'orimiiig  nooli  a.n  koinor  Stollc 
Ills  ziim  Alisolioron  godii  ln  n  soin.  Am-h  soil  dor  dnroli  dio  gi'i'ingo  Vorsoldobuiig 
hiiitor  iloni  Rado  onlstaiidoiio  ICnlluiool  iiooh  aiissor  Tjoiraclu  bloibon.  Ikmn 
trill  tintor  dom  Rad  oin  Vorfo.  iiunigs-  und  Spanmnigsi or’r.t  f  anf,  wio  in 
Bild  0  bis  o  I'iir  ilio  voroinraolioiido  .Vnmdnao  kon,,tantor  1  )ruokliolast mif;  a  in 
dor  Anllafcotliiolu'  A  dargostollt  ist.  Vnti-r  doin  Roil’oo  vorrormt  sioli  dor  Bodon 
bori/.onlal  in  oiiioi-  inioh  Bild  S  a  und  b  d.nf;isti>llton  '‘.Voiso,  \Vio  die  cingc- 
braolilcii  Kroidostiiingo  liostiitigoii,  ist  dor  Vorl'm  inungswcg  an  jodcr  Stollo  C 
iibi-r  dio  KingriiTsliingo  IC  dor  gUioho.  Daraus  orgibt  sioli,  diiss  aiuli  die 
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vnii  vornc  nfi'  k  liiultii;  c)  {uiti»r  1  *in^ :  •!)  Wrfornuiiij; 

liiuiir  /ui  ohmrifh  i*)  wni  b  wcrf  nltfallentl;  j«?  ^ros.^er 

iliT  .Ir'li*  tins  (nnrh  W. 


Hil.l  S.  —  tier  TricUkrcut  om  ren  Sch'rcukrn.l  -lu  cintea 

Ab'i'liiiilt  Mcr  \  t^rr-chn'K-.i!  a)  I  ...i. I  .I:;ri  h  Aic  si.'‘i\Tv'clit'*  }{;Klcl>cno; 
b<l)  KofiMintc  Vt’rfi»riiiiiii^  -lor  }'iii':ri*T^V.in^c;  c>  Annrtb.iu*  Vonstn"tvf 

Dun’klM'lasiui.;;;  c )  Scliul"imr.i;nn;;  ini  MoreicH  iWs  riH:tfu>‘ 


j, 


-  903  — 


SehnlMj>jt»mu>gon  ulx'r  <ii**  Khi^nO'.Hliinge  K  kuniitant  siiul.  Hat  sich  <las  Itad 
sowfit  vt-rscluibi'ii,  dn-w  peimU*  tlii*  Stdirrfrslij'kt'it  t,  crn-’u-ht  Lst,  so  niiiimt  dk; 
Trii-hkiiilt  ilnt'n  liw-Iistcn  \\>rt  an.  imnilioh 

T  =  /t.  *dA  =  T, -A 
<A> 

Trlebkraftabstiitzimi;  beitn  rotierend  angetriebenen  Rad.  —  Dcr  oiilapre- 
chvmk*  Voiuunir  tk-i-  Ti  ii-Iikraftnljstiil/.niig  lotirrend  ,Tiigc«ii»*l)onen  Had 

\vuiil»‘  I'rstiniils  vuii  \V.  Sd;ii\»'%  uiul  zvviir  <-lM‘nriiI!s  mil  dcr  vrrt*inl'iii.'hciidtn 
Antiiiliiiu*  kuiistaiitor  Noi  iiuitsjiaiitiiiiig  g  in  di-r  gcniass  Bild  7  c 

:  Mirriiacli  nimiiit  «lif  BtMknvt'i'l'orninng  x  Imm  fim-in  iil>«‘r  die 
liii'ciiiVsliingo  ids  koiistaiit  \ orausgt-si'lzu-m  Sohlupt'  vom  i-rslcai  Boiubrpiinkt  .\ 
bis  ztmi  Alilu'hcpnnkt  H  liiioar  zii.  wit-  in  Uild  7  d  iTir  fir.i'ii  lu  stimmtrn  Sriilupf 
angi-ili Kiel  ist.  Zur  lkKlt  nv(.fr«niiinn}:  an  jtsU'r  StcHc  e  gchoit  abiT  natrli  Bild  6 
fiin  I  iilspti'ilu'iido  SclHibspaiiiniiig  z.  Ik-isni  Vt  l  U  ilnng  fiir  diii  zupniiidc- 
golcptvn  Sclihii)!'  ist  in  Bild  7  t*  wirdripogclx-n.  Die  Sclmbspanniingoii  steigen 
voiii  Bi !  uiupu/ikt  A  ^Beii  kii  ebistisiber  » tid  plastiscla-r  Vit  foiiminp),  bis  an 
einer  iH  siiinniti  u  Sielh  dei  Aiiii..p(  ll:ii-lii-  A  die  Sidu-i-lV>tipkeit  t.  «  mMcht 
iniit  die  K'diii.'.inii  idn'rwutideii  iM,  Dann  I'alleit  die  Selinbs)>imiiunpen  auf  den 
kon.'taiitei)  \V<  rt  »li  r  nii  ili  ipen  n  lili-itspsimiiiip  G  •  tan  tp  nb. 

Das  Intepial  der  Sehulispanmuipen  in  dor  Aullapetirube  erpibl  wiedcruin 
«!i<'  Ti  icbkr.nn  ; 

T  -  /t-.IA 
<A) 

Der  Wert  dieses  Integrals  iindert  sieb  nnturlieh  nuJ  dent  Sebliipf;  nieiitals 
aln-r  kaiin  bier  die  Triebkrart  den  Hetrap  'I'  —  z,  A  envieben,  der  sich  als 
niiiximaler  Wert  beiiii  bkiekierien  Ibide  erpelun  butte.  Hiernaeb  ist  War, 
wurum  am  liloekierteii  Had  tbeoreti.seli  vine  prdsserv  Triebkralt  zn  ci'>scrton 
ist.  als  an  eineni  kniillnuierruV.  rotierenden  Tricbrad. 

Zweiter  Abschnitt  der  Verschiebimg  beim  blockierten  Rad.  —  Ini  zweiten 
Alisi’lmitt  der  Vi  rsebieii'.inp  ekus  bloekierten  Hades  (Vvr.sehiebunp  so  pros.s. 
diiss  an  alien  .‘slilleii  der  A'.itliiy:'-  l!iiebe  der  Bink’n  bercits  abp- s<dierl  ist)  .sinkt 
das  Had  writer  in  tb  ii  Baden  ein  lU'd  sebii  bl  1'aibnas.scn  vor  sieb  her,  vcrdicbtel 
diese  dabei  Uiid  bildet  var  sieb  eiiieii  Brdbupel.  Die.ser  entsleht  dnreh  Ilclwii 
des  Bodeiis  von  uateii  In  r.  Zur  Kliiruiip  de.s  biei  K-i  erfolpeiulcn  Abstufzvor- 
paiipes  .sei  auf  das  tbeuret iselie  tileitliaienfebl  iiiiter  einer  Streifeiilasi  " 
/an  iiekpepritViMi,  Bild  9  a.  Wenn  .uieh  In-iin  Hiul  in  der  K  'rin  di-r  Alwtiitztliiche 
die  Hedinpimpeii  fill  cine  Stieifeida.sl  (latnpc  sobr  viel  pru.s.ser  ids  Breilo) 
nil  lit  erfullt  siiid,  so  kiiiin  •liiser  Verpleieb  doeh  zii  einer  Vorslellunp  ul)or 
den  Vorpanp  der  Triebkraftabstfitzunp  ’.lulzlieb  sein. 

Beim  Had  bildet  sieli  unter  der  .Mistutzlliicbe  cine  aktive  Hankincseho 
Zone  tBild  9  I)),  die  jirakliseb  ids  Ivi  il  venliebtelen  Bmlens  bei  der  Vorsehiebiinp 
nneh  riiek  viirts  mit  deiii  Hail  fest  vorbtmden  bleil’*.  .Ncbe*ri  (lem  aktivcii  Bereioh 
entsteben  passive  Hnnkinesebe  Zauicii,  in  detiet,  ebcnf.nlls  mit  Verdiebiunp  und 
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Hilil  9.  —  n)  Pd:*  lIii'dM'li.'.'hi'  <l|rilliiiirnf<'(*l  uiil^r  olm  r  Slri’ifi'iiliitt ;  li)  Vor- 
iinilol«*»  <!lcitliirnMifol*l  iinlpr  l>I«n-Mprl«'Hi,  piii;;f-iiiikiMiPiii  Tru'lirft'l,  fi ri:‘rlilip^:<lich 
tip-  inpilpn  Ali:trlinilii»  tlpr  Vvrriirimiii;;;  c)  Pi'«1:ti  L'unt'  'li’>  /.u  ViTiimlcDileil 
Klip'‘svp  rhsllPiiH  <liirph  pin  Ni*!/  ••iii;:pltr«rliii>r  (lij'-'l  riiii;;*':  Aktivc  Kmikinp- 
Znm*  niB  Jilm-kiprlitn  Trirl'rntl  hn'.lt-ml  iiinl  iim-h  nl.Hrn l-riii'kv ii rt:<  init  'li’iii 

Kiltlp  VITStluOtPIl, 
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Zunahnie  dcr  sflu-iiibai'i'ii  K«iha.siou  zii  m-liiu-ii  1st.  l)i»*  daiaus  ro.suItjpjTnde 
Al)!<tul7kraft  1st  d«*iiizufolKO  unis«j  fiitissiT,  jo  «1hs  iloni  Rail  vorgclogcrtc 

iH'anspnichlf  iitnl  voiToi'iiito  B(Kloiiv«hin>on  ist,  d.h.  nuch  jo  tiofor  das  Rad 
oiiig<'sunkeQ  Ht. 

Wcpon  dor  iK-iiii  block iortoii  Tiicbkraft  abstuJzondoii  Rad  oifolgoiulon 
Vc*rs4‘hU‘biinp  iiiicb  riiokwiii'ts  hat  laaii  os  iX’iiii  Scluil)-Jschi'itt-\ orfiiliroii  aucb 
init  cinor  Art  Solibii»r  zii  tun.  Dio  tlKsnotis<dio  Solirillliingo  1  (Bild  10)  \v'.rd 


'^ohrxug-Forfbewegungsrichtung 


Kilil  n*.  —  Knjciiinti?‘rh**f  St  lihijif  l»t'hii  Srlnil*  Sftiri!t*Verf*ihr*Mt: 
V  -T  x/1;  X  s-  Pcfoidialuiu;  I  =  S'*l»Titt 


boi  jislcm  iydioitt  nm  die  Vci'M-liiohunp-^itiooko  %  dos  Kiulos  boi  dor  rrii-b- 
kniflabstul/.niip  vorkiii/t.  Aolodioh  dom  Sohliipf  Wiin  lolioroni.I  aii’.'olviobonen 
Rad  knnn  man  liior  oiiion  kiiuuiatisolun  Soblnpf  dotinion  n  dnooh  die  Bo/icliung 


s'  =  — 


Da.s  \Vi*si'n  diosor  Hozitlimip  is<  vorploiobbar  mit  dom  Z\iriioUiutsc)ic>n  dos 
b'nssos  bi'iin  Sobroiton.  Ks  untoi-M-boidot  sioli  vmn  Sobhi]>l'voi|;aiip  bobn  rollciulon 
Rad,  da  os  siob  nm  oiiioii  diskmilimiiorliolion  \  \>ipaiip  liiindolt.  I.X'i'  Soldi’.pf 
h‘  iiiinint  mil  waoli.soiidor  Solniltliiii'ro  1  ab,  wonii  man  t'ih-  dii'  Vor.sobivlmn}; 
X  znniioh-sl  oiiioii  kiin.staiiton  ^Yoot  ;nii’.iimnt.  Da  oin  gm.ssor  Uiih'iiiatisolior 
Soldnpf  s’ mil  t'inoni  piMsson  la-islunpsanrwand  voibnndon  ist,  snll  oin  mii^diobst 
binpor  Sobrilt  1  iini;o.sl I'obt  wordon.  Dio  Coonzo  <lor  praklisob  ilniohl'iilivbaron 
Sob  fit  t  bingo  ist  kinistriikti\  bidingl.  YViod  dio  Voosoliiibnng  z.  gloioli  »b'r 
Soboittlango  1,  so  orgibi  sioli  100  Soldnpf,  nas  bodontot,  dass  das  b'aluv.ong 
sioh  niobt  mohr  voi  wiirt.sl)r>vpgt. 
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IIilil  II.  —  Trii-liktiifllii-iuirl  iiii-l  l.'i.-.-iiikuin,'  ^vli.il.-^rliril  (■  Vi-rf.Tliron. 

111!  cr.lrii  .\l.-i  liiiiii  Ills  ,'|nn  I"  ■•in  \  »Tl..riiiiiiin  .-i,i,|  nur  i)io  Si  liiiliKuniiiiiiiiuoii 
nirk>:iiri  ilalicr  Kurvi-ii  /.iisaiii!ii<‘iil alliMnl.  Kr>i  nmli  AI.mIuti'ii  in.  zufiti-p 
AIiM  liiiilt  .Vii-niil/iinn  \  .•i.li.  liliiii;;  hiiitor  iMi-r-iiiilM-in-in  Jtn.lo  ziir 

.\1  •'*1  '\\\ 

HiM  IlV  Trirl.krartlM.iwi'rt  iiii.t  ki.-iliimirrlich  r.»r 

1  Ik‘i  nir.lriuo  Tf  i.'l.krif ! orte  ijii  Vcr4;K*ich 

/.Hill  ^:;^il’.llI•Sohrlll •  Vcrlnlimi. 
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jBxperinientella  Untersucbnngen 

Zur  N.'H'lipriifidit?  '1*t  tlu-oivtisolun  H(‘trat‘Iitiiiivr>‘ii  luul  zur  (]u:intitativcn 
KritiittKinj'  th  r  'I'*  j»  l)kr.itlst<'it;<Miin!;{  Ih'iiii  St-hiili-Schi-itt-Vt'rfahn-ii  "okoii- 
liluT  ili-iii  I'litirrciidf'M  'I  ricl)ra<l  \v'ui'<l«-ii  in  tiiisi'ivi'  Mmli'iirimn*  Vvrjili-iehs- 
/.ugkriiftvrrsurlic  mil  fiiu'iii  r«ilu-ri-ii«t  annoti-ii'ln-neii  Uml  utid  mil  ciiiuni 
l)lockiei‘t»‘ii  Ikiil,  lit-idc  in  iiatiirticlunn  Jrassstak  »linvli"i'tul»rt.  LKt  Bodtni  in 

I’lurriiiiio  ist  niK'li  lailu-x’  als  niittolst-li’vvirj'  L<’1hii1nm1«'ii  an?i'<«prwhen. 
Fur  ilii‘  Vrr^»iK‘lu‘  \4(ir>l<‘  <lir  von  Liilirs^  (H-hauti*  Apjmrattir  brnnlj Imi  di'p 
mitir  Vfi-wi'ii(luM"  i  jiii  s  Kin/.flvaclcs  iinaV' von  itr 

( i ins-Ji' ilcr  aiil’t ri'lc/(tl»'M  I  l■it■!tkl•att  fji'.MflKTt  ist.  Ks  wnnk’ii  Ui-i.t  nahi.-icssudKt'n. 

HvilVnlurtdrui-k  iiml  lii-ifruprutil,  Uaillast.  Sclu-illlaii;:i',  'iVrs<-lMi'l)uri_<;.s;‘  • 
hi  li\viiitli;:kril,  IJiidi  (ilia'iliiiij;  liciiii  \  orivaisl P4>llcii.  l?(KlculViu-htisk«'ii  uv< 
Foi'i'iiaiit(‘il  (If.-*  H(h|c|is  variioi-t.  Die  iibiT  Di'liiinnK^im-'x.iri'ilVn  -.l- 

Ziipkialt,  !{iillwi(l(  uiul  KadeiMsinfcnn;!  uiuxlen  als  F'nnklk  ilcs 

iiiit  ciiu-in  Os/.illii”i/))'l>‘‘ii  iv-^isti-ii'Ct.  Aiissenlciu  koinite  ilui-ch  K  '..ar.iisalren 
tli-r  Ikuliln  lizalil  Ih  Iih  lotii  r*  tul  an<:t(riil)fiu*ii  Hail  diiri  li  Aul;  a;;cn  cii’.i'i’ 
Zi'itiiiarkf  aiit'  dii  ( )izill‘i;;ranuii«‘  <lei-  Sclihipf  i*rt‘as.st  wi-nlen. 

Darstellung  def  Versuchaergebnisse.  —  AVie  allgcmein  ul/k.i-h,  ,  /.  n 
wir  (Ui'  'ri'irlikrari  'I'  <ltircU  Hi'Znjitiahiiie  ;a.r  die  Had.  it  <I  Jinirnsionsft.-i 
liiaclii'ti.  Dicsc.s  A'cliliiltnis  'i'/l!  =■  •/.  wifd  jils  Tri«‘l»ki’al'ti)4‘i\vivi  mler  Liail- 
hclilti'sl)i'iwiTt  lii'/ili'llin-t.  In  dftnsvlbfii  ist  iilTi'UfxfIasscn,  inwioneit  <];•'  Jou- 
Ininlisclu-  Hi  il)nnv''ij.'' zuti  ifVt.  il.li.  iiiiio  Hviljtnit;  /uat  Kiaftsehlnss  Ix'itriip, 
inU'f  lu'im  Aiil'liaii  (I*  )'  Tiii'bkfat't  mu-li  vine  Koliiision  mitwirkl. 

l)iT  init  (U‘f  HiMii-nvifl'mimnip  Initsi-hri'ittniU'  Auibaii  tier  Abs'-'tzung 
einoi' Trii'ltkialt  udi  r  Znpkiat't  tViTankfrunp)  mil  iK  in  /.nprlioiip»-n  .•i  lanfo 
iloi'  Kinsiiikiiap  sci  (ini'  tur  eincii  iH'.stiunntvn  Hvispiclsrall  uiiter  tiipmuber- 
Nti’llunp  <li'i'  Mi'.s.si  i yrlinisso  am  Idoi  kin  trii,  narli  rui  kwiirts  piv.opciU’ii  Had 
in  Bild  n  und  iiiif  rotiiTi-nd  a)»petrifl>i'iu*n  Had  in  Bild  12  vi'i-deulliclil. 

Dm  VerhalUn  ties  Rades  hei  Blockierung.  —  Fur  das  Svhu'a  Sehritt- 
Vcrl'akri'ii  kain  das  iti'.s)ui'iti’  Had  naeli  jodrsmal  vesidiiisii'iu'r  Sidii'itlirmpe  iiu 
iinlu'l'alin'm'ii,  lockrU'ii  Ht>i!i-n  zutn  Kiiisatz.  In  Mild  II  .sind  nur  dir  Kneven 
I'iii'  die  piiissti-  ulid  kh'inste  Scliritlliinpr  aisp-prlM'ii.  Im  ei'stvii  Absohnitl 
iliT  Vfi'.si'liiilninp  (Ids  itwa  10  iin)  .sliipt  dcr  Tiiflikraltbiiwi-i t  inr  Indde 
Ivni’vi'ii  pli'ii'li  sti'ii  (111.  Das  i-i'klarl  siidi  daraii.s,  ilii.s-s  ilii'  Triekkral’t  in  der 
I  !aii|)tsa«  iir  aiif  dcii  ill  di  r  Anllapillii<  lir  aul'iirtcndi  n  Scliid>siianiiun;:rn  iK-nilit. 
wiilni'iid  die  Absliil/imp  an  lUn  vinpilapiiti'ii  Kidtnas.sin  noi-h  kanm  pvsviikt 
lial)i-n  liann.  Nai'li  clsva  10  nn  \  erschivlnuip.sxvi'p  sei/.t  iK-r  Ab.M-liervoipanp 
fin,  was  hrsDiidi Ms  ilclil lii'li  an  dci  Knrvi'  diT  Krus.si‘n  Seluittlanpe  zu  I'rkiMiiu'n 
ist.  Dass  X  lii'i  wi'ili'i’  /luii'linu-ndiT  Vi’iTonmnip  niidit  abfiilll.  wie  inudi  deni 
AbscluMdiaKrainm  /It  iM  warten  wiire,  liept  dai'an,  ilass  die  Alislutzwirkiinp  an 
dell  vorpelapiMlen  Frdma.sseii  die  veiluivnpepanpeiie  IvidiiisiDii  a(is;;leield.  Die 
viel  stiiikeip  Steip'  innp  vnn  x  bei  kleiner  Selnittliinpe  heruht  d-iiaiif,  dnss 
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das  Rad  sioh  iiacli  nii  voni  \'«»riu-i'5:i.-hi'nilrii  Alislut4voij;aii"  wrdM'btetcn 
rntfrpniml  al>s»utzt  Dio  ilormasson  jilwlutzlmro  Trit'bkrnft  ist  uinso  gi'csscr, 
jo  oftci'  k\irzo  Sclnilto  iiai'lioinaniler  aiis;'»*fiil)it  voordcn,  ila  sick  dadurclj  das 
Viilmncn  Jcr  vonlioliti-ti-ii  Krdmassi-ii  crkdiit. 


JO  20  30  % 

Bodenfeucfftigkeit 


HiM  —  Hei  nur  lf>  cm  Srhirli^wc;:.  nls^lhnn  nurh  unbt*rint!ussf  von  il(»r 
S^rhrin  lii  cr;;ibl  ilns  MrhuU-Srlinii  Wrfnhr**ii  (r>  J»tihrre  Triebkraft- 

!>chvrMr  nl,'»  tins  rniierc;i«lv  Ik*!  CP  h>»t  vi‘ryc)HO«lriipij  Kpifon 

(lU’fcicIi  /wisrhon  iK*n  Kiirven  0  uti«l  pi.  (Knrvrn  a  ninl  l»)  niirh 

S,'hicbewp;X  ^in*l  vi*n  «U  r  Scbrinlaiige 


NVki  ti  tier  aixlciipacktnijj.-sliokto  but  vor  alli  iit  die  D!;di'nfciicl\tickcit  dm 
(jidssti'ii  lOiiidiiss  nuf  dio  Iliilic  dor  oi •^•it■!)llal•^■ll  Tri'dikialt,  ^voil  sick  init 
i!ir  dio  Kokrisioii  wcitp'ht'iiil  iiiidojd.  Itn  Hild  Id  siiid  die  aus  virion  Vci'siudis- 
'I'ilioM  cniiif  tolli’ii  Ti  ickkrai'llH'iworlo  ubi  r  drni  Wassornokalt  dcs  liodi  ns  auf- 
^ctriifioii.  Dio  TriokkrarilK'i’.vorto  s!oi;r«Mi  niit  >;mick:n('!idom  Wassoriioiialt  an 
Wild  fallen  sckliosslioli  Im’I  lidkorou  Wassoruohalli'ii  wii'dov  Uichl  ah.  Dio 
Messwerto  «U'r  vorsckiodcnoii  Kcii'on  lioju’ii  imiorli.'ilk  dor  auff  rotoiulon  Stionnng, 
sodass  man  vnit  oinor  dotit!i«-kon  fdH'rJogonlioit  oij’or  lusiiininton  Koironak- 
iiiOfsnng  niokt  spia-ckon  kaiin.  Ky.  ist  jodooli  y.n  orw.'ilinon,  dass  dor  Roifrii 


kU'iiii'rvn  Vwlmm'iw,  tlrr  vim*!-  klri»i-i-<-n  AnniiKolluflK-  eiaHinkl, 

ini  ziveiti'n  Al»s«*hniH,  wo  fs  Jiiii’  <lu*  Kiiisiiikti<‘ff  jiiikoinnit,  Triihkiaftc 

nKstfitzi'n  kilim. 

Kill  Kiiilliiss  il«*H  Kciffiiliii'iitriii'ki’s  kiMiiiti'  st'lhst  In-i  };r<)ss<‘r  Viiriiitioii 
voii  0,2  liw  2,0  atu  siiif  di'iii  stiii-  wcicIxMi,  Ic/t-kvi-fii  ItoiKii  niclit 
wi>iili'ii.  I)k*s«‘  Talsni-hf  Ifisst  sirli  iiiicli  l«-iclii  t-i  kiriri'ii ;  Di'i'  Ki-itVn  siiikt  niif 
iiii«-h;;ifl>i*;(-i)i  IJodvti  s»‘lir  w.-it  <-iii  mi«l  pkiitci  sicli- ul)i-i'h:iu]>t  nii'ht  oiUm-  nnr 
itiil'  rini'i-  vrrliiilIntsiiiS!<si;r  klciiii-i»  fliit-iu-  .ili.  |)t)i-|  iici-rw-iil  ilcr  mjiximji}^ 
FlarhoiHlriU'k.  dor  siidi  aiis  Ki-ii'i-iiliil'ldniok  \iiid  Hi-ifi'iistrififiki'it  /nsiuiiiniMi- 
si-tzt.  wTiliiviid  ill  drill  woitaiis  ■;i-r>sscri  ii  Toil  il(  r  Aulliiszi'lliK-lu'  oil)  iiii-dri^ori'r 
Klaclu'iidnu'k  .-iiiftrilt,  aiif  lU-ii  iiiiid};r  di-i-  n  liitiv  ^r|-,,ssiMi  Ufil'i  iiNtriti^kcit  ilor 
Ufifciihirtdniok  pniktisoh  kftiicn  Kiiilliiss  imlii-  lial.  Sniiiil  irii'il  ilic  Aiuvcndnii^ 
j'lMssvidiiniii'or  lloifoii  viol  iii<  In-  ziio  Voi  ^riUscotiii}:  Atilki^cdiii  ho  hoi,  ids 

<li(‘  SoMkiiii!;  di-s  Iloifoidul'ltliiu-k.-s.  Im-sI  wcmii  auoli  die  Hcirviisti  ifiirkoit  iiii 
Voiiiloioli  ziiin  Itoifoiiluritlnwk  \v»  it "olionil  "i  soiikt  wordi-ii  kiiiuiti',  wiirdo  dor 
Kiiilhiss  d<s  |{oifi'Hliirtdnioko.s  iuii'  dio  iliiissi-  4ler  AidUi^'otliiolu'  iuuli  lioi  iiiich- 
fiicliijioni  HikIoii  an  Bisloutuii;:  srowiiiiioii. 

Oils  l‘r<ifil  »los  l{i‘if<Mi.s  hilt  du*  Anr;;iilw.  rino  Voi /..diininp:  mil  doin  Bodcii 
lu-r/tislolloii.  Isl  iiitti  ilor  lionltn  in  idlcn  Sidiifliton  hoiiin^tii.  so  isl  os  ^Icioli- 
ttultijr,  in  wololior  Ssdiiolil  di-r  HimIoii  ali^ii-si-lu-i  1  wild.  In  diosom  I'idic  vor- 
tjnis.st'rt  il.is  I’l-ofil  Ksliniioh  <loii  IIuitIiiuossit  ilos  Jloifoiis.  Da  os  siidi  in  dor 
BiHloMrinno  iiin  oinon  in  alloii  Sidiiolifon  lioino^ronoii  Hodon  liiiiidolto,  roicldo 
solli.st  dio  ^orin^jo  Kiiidd^'koit  oiiios  proliiloson  Koii'ons  ans,  nin  oino  X'oiv.aliiiuii'; 
init  dom  HikIoii  liorzustollon.  In  dor  Praxis  jotlooh  ist  dio  1  loimi;;oidtiit  dos 
Bisloiis  moist  nioht  voraus/.nsotzoii.  Dio  ( ilH-rsoliiolii  dos  Hmlons  kann  fonoldor 
ikIoo  lockoicr  .M'iii.  I’M  kann  /iiin  Hoispiid  duioh  oinon  l{o;:onsi'hauor  oino  diinno 
J<clniiioisoliiolit  oidstnndoii  soin.  od»-r  <lor  Dndon  kann  mil  I’llan/.on  Inwoiiolison 
.soil!,  dio  lioiin  Bol'aliron  zordriiokt  wordoii  iind  ilaiiii  oluid'alls  oino  siluniorondc 
Oboi-iliiclu'  orjrolion. 

Will  man  dit  SoliritlliiiiRo  oorkloiiioni,  inn  oino  miiitliolist  liolio  Tiiohkial't 
aur^'rund  dor  Krkoiiiitnisso  ;ins  Uild  1 1  zii  orroiolion,  so  muss  man  mil 
Aiiwaolison  dos  kiiioninlisolioii  Soliliipto.s  ro<-lmoii,  ;dso  aiioli  mit  oiiuin  .Moliiauf- 
wand  iui  l.oistiiii}'.  Kin  p'stci^oiMor  KOokt  kann  niioli  dmlnioh  orioiolil  woidoii, 
diiss  iniin  dio  Alistiindo  Ulul  dio  Soliriltl;in};on  dor  z.vooi  odor  droi  aiU'  jislor 
I’.'duzoiiosoito  imtioordnoloii  Uiidor  so  aiil’oimiitdor  idjslimint.  dass  dio  iiach- 
foloondon  l{ii<lor  jowoil.s  dio  von  di-n  voidoron  Kiidoi  n  voi  rostio;tc  Scliritt-Spur 
wiodor  Ix'initzon,  woduroh  idioiiralls  dor  liosohrioltono  Vorrosti^un^!sotVi'kt  aus- 
oouiil/t  ist.  Diiinit  orroiolit  man  idso  aiioli  boi  orossi'iu  8obritl,  <l.b,  lad  k'oinom 
kininuitisolion  fM-hliipf  imd  iniissi;riui  .Massinkriil'ton  lidobsto  Tiiobkrat't. 

Dor  (lowinn  ;iii  Triolikrat'l  jiiis  dor  Vordiobinnfr  inrol.oro  Hadbolastiinc 
t’iillf  luir  boi  lookoroiii  Hodon  ins  liowiolil.  I'Vstor  Hodon  bat  boroits  in  .soim'in 
nati'ii-liohoii  Znstntid  holio  Kubiisioii.  dio  .sioli  ini  Solnib-Sobritt-Vi'rt'aliron  niolu 
oinio  woilcios  noi-h  /UisTiIz.lioli  si.doort. 

Das  VeihaJtcu  des  roUerend  uj’setrieboupn  Hiules.  —  Dio  X’oradoiolisvor- 
suobo  mit  dom  rotiorvnd  aiif»otnol>onoii  Had  wnidi  u  jowoils  untor  don  [zloiohon 


Triebkraftbeiwert 


0  20  iO  60  % 

Sdiiupf 


HiM  l.'i. 

H  uihI  1-'».  —  /'nimOk'H  Vojii  i  rmiorlicliom  riol»  »ni*l 

Si'h'.ili'Sclu  it  I  •  Vcrfjilirrii  :ii  111  «‘Hi  •  Srli!nniiti'»liirhl  nuf  l*iiti.T;;ruD'l. 

Ita'thi^l  -••til  kp,  Koitvit'Umk  I'.''  atii,  AS. 


Einsinkung  ^ — 


—  an 


Bi^Tiiijrujim'n  wu-  Thmih  f)I(icku'rloti  I.'jul  ihircli>:«*riilirt  (Bild  12).  Ini  nllgiMiieinen 
liiilH'n  .sioh  li'ur  <1'u‘  schon  Ik-i  Jiiulcivr.  Autuivii  gcwonnt'iirn  Krk«.‘nntins.sc 
iH'stiiligl.  Ks  fiillt  in  nllon  Diiigriininu'ii,  in  ilfiiiMi  die  Trieliki'nft  und  die 
Uadciiisinknii}!  j'l«'i<li/.<-iti>;  luiffreselieiflH-n  wiirden,  nnf.  <I:iss  erst  bei  rtvva 
oO  bis  40  Schhipt  die  ltiu1einsinkiin»  betriielitlieh  ziininimt  uiul  der  Aiistieg 
di's  Ti  ii'l)kr.iftUi\v«'ili‘s  liedenteiid  geiinjter  wird.  Dns  lusst  dar.iuf  sehliessen. 
dass  bei  diesein  Seldujil’  ini  grilssteii  Teil  der  Keifenaiifiaf'eflaelii*  der  Boden 
abpeseliert  wird  und  dainit  das  Uleiten  eiiisi'tzt.  .Mit  zuneliineiidein  Scldiipf 
fviist  sieh  del-  Heifen  iininer  tiet'er  in  den  limlen  ein. 

Das  Ausmass  der  Triebkraftsteigeruug  beira  Schub-Schritt-Verfahren 

^Vio  aus  Bild  Id  suwie  aus  der  ( :e;jeniiliei-stellnnR  der  Bilder  J1  und  12 
bervoi'gebt  sind  scIIkI  mudi  eiiiein  Uiii'zen  Vi'vseliiidmnf.'swe"  von  10  ein  <lie 
erri'ieliteii  Tri*  bkiiit'te  bert  its  Iwllier  als  lieiin  rotierend  an{'eirii-l>i-iu*ni  Bad 
Ih-i  70  Seldiipf.  Wird  der  erliiutei  li"  ,\!»sl iil/.elTekt  an  den  voni  vorln-rjrebciiden 
.\lisiiity.vur<ran"  siark  veifest ieion  Brdiaassen  noch  aiis^eniitzt,  so  liisst  sicli 
ilie  Trielikraft  bis  ant'  <bis  Ibippelle  steigern. 

Wiilirend  In-i  den  bislu-rieiii  Versiieben  der  Iioden  in  alien  Schicditeii 
honnteen  war  aiit  "leieber  IVvnbl i;;keit  und  •’leielinn  I’nrenaiiteil.  ist  in  tier 
Praxis  solein*  lloiiiueenitiil  niebi  Noraiisziisel/.i'ii.  Itieser  k'all  wnr<le  in  die 
I'litersuehuiiu  mil  einliezoeeii  and  liiirzu  der  Boileii  in  der  Pi-ui'rinne  niiltels 
Vibrator  vordiehtet.  Aill'  diesen  I'eslen.  praktiseb  was-sermn'iirehliissiiren  L’liter- 
giuiid  wunle  ilaiiM  eiiie  Seldatnniseliiebt  vnn  10  ein  Dirke  aureetragen.  Ks 
wurdeti  Versuebe  Miwdlil  mil  Idoekiertem  als  aiieli  rotieri'nd  angetrietH’neni 
Had  darauf  dnrelieeti'diit.  Dabei  konnie  lieiibaebtet  werdeti,  dass  beini  Kinselzen 
des  Hades  der  Seldainin  ziir  Seite  ^eilriinet  wird,  l>is  das  Had  di-n  festoren 
rnteri'miid  erreielit  hat.  hieser  Ver«h:iiij;ungsei)r”ani!  ist  von  dor  Keit 
abliiiaeig,  li  b.  das  Had  wird  uni  sn  sic-berer  dm  I'esle.i  rnter;'ruiid  ei  ioiebeii. 
je  nielir  Krii  iliiii  daiiir  ztir  Verl'iium'U  slilit.  Da  nun  beini  Seliiib-Sebritt- 
Vi  rl'alireii  das  Had  bedeutend  liiiieer  an  einer  Stelle  \erliai  rt  als  <las  rotieri'iid 
aiieef  r'lelieiie',  ist  ain  li  bier  das  Kelnib  >si-lu  ilt- Vei  I'aliri’ii  iiberle^^eii.  Wiilirend 
I'ernor  da.s  aiieelriebene  Had  int'ol;^e  des  Seldn])l’es  daiiernd  iieinii  Selilamin 
iinter  seine  Aiilla<.^ell;ielK'  1'didert,  d*T  daiin  Sebniierniitl'')  zwiselu-ii  IH'ileti 
und  I'esloiii  Bodiai  ist,  drin'!t  das  Innikierte  Had  naili  Krreicbeii  ilcr  festereii 
riiterseldeln  beini  Versebietieii  noch  ein  weidg  in  diese  I’iii,  wo  es  daiiii  lesleii 
Hall  vorliiidel  nin]  beiin  Veisebiebeii  den  Seldanim  v()r“siolr  llersc-Iiiebt,  oliiio 
den  I'esien  tlril't’  am  riiter<.M  iiinl  zii  verliereii.  I  in  Bild  14  siinl  dii-  S'ei'snclie 
mit  deal  Heii'eii  S  -  24  AS  liir  ilas  blokier'e  tnni  in  Bild  la  tiir  das  rotierend 
aiifiet riebeiu'  Had  *lai  ‘.'e.vtellt,  di”  die  •.rosse  I  i  berle^eidieit  de.s  S(diub  Sebritt- 
\'errabren.s  aiif  Boden  .me!;  niit  seiilonuniuer  ( tberseldidit  Ii<''st;iti}:en. 
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Traffic  over  froyen  or  crusted  surfaces 


Movimento  su  terreno  gelato 
o  superfici  ghiacciate 

A.  Assi  r  •) 


ABSTRACT.  —  Traffic  over  crusts  is  ftne  of  the  problems  encountered  in  off  ■the- 
road  locomotion,  in  particular  in  polar  regions  and  especially  oier  ice  sheets.  Three 
failure  stages  of  the  crust  and  their  relation  to  elastic  theory  for  regular  and  plastic 
theory  for  emergency  operations  are  outlined.  Solutions  of  the  differential  equations 
for  circular,  elliptic  and  arbitrary  loads  are  given.  Failure  under  punching  requires  the 
computation  of  combined  stresses.  The  location  of  the  circumferential  crack  is  analyzed 
and  equations  for  the  collapse  load  under  plastic  y.'elding  are  given.  Large-scale  loading 
tests  show  how  the  failure  is  related  to  the  durat’On  of  loading  and  how  much  time 
elapses  before  final  breakthrough  occurs  after  circumferential  cracking.  A  nomogram 
tor  the  computation  of  the  critical  resonance  speed  is  given.  Then  it  is  shown  how  to 
determine  the  stiffness  modulus  of  crusts  and  how  a  variation  in  the  profile  of  Young's 
modulus  affects  the  flesural  strength. 


VcliicU's  ll•ilV'•llill;r  iift'  tlio  rojnl  injiy  easily  eiu-oimli'r  eimilitiuns  wlicrc  the 
surfact'  of  the  lenaiu  is  sunieiciiily  liani  Imt  the  layer.s  undermatli  nuiy  be  too 
soft  to  .support  tile  loail.  If  tlie  hard  .sin  faee  layer  is  Minieieiiily  tliiek  it  will 
ilistrihiite  tlie  load  over  aii  area  wide  enonjih  to  1h‘  .supjioi  led  hy  the  imrelialdo 
fuuiidatioii  underneath  without  exceedin"  ihi*  slrei)j;th  of  the  ernst.  If  tl\o 
strcssi’.s  originated  in  the  surface  layer  or  on  the  foundation  are  too  large  the 
vehiele  will  break  through  and  may  1h'  a  complete  lo.ss. 

Snell  conditions  exist  in  swainps  with  an  organie  cover,  esiieeially  wlion 
fni/.en,  in  inn.skeg  or,  in  general,  in  terrain  with  a  relatively  thin  frozen  surface 
layer.  Xatiuml  snow  with  a  hard  ernst  is  another  example,  as  well  as  the  ice 
cap  with  a  eom|>a<’ted  surface  layer  or  frozen  slush.  In  other  regions  we  luny 
eiipoiniter  dry  .snrfaci'  layio-s  over  lundd.v  fmindation.s  or  salt  Lakes  eovered  with 
a  dangiTOUs  hard  ernst,  as  in  Ninili  Africa.  The  idc;:l  ea.se  for  theorctieal  dis- 
en.ssions,  of  eoui-sc,  is  an  iis-  sheet  over  a  water  hoily.  We  will  lie  primarily 
<-oneermsl  with  this  eas«*.  In  pi  tnci|de,  •>r  at  len.sl  approximati-ly,  the  ineehanios 
of  other  ernstnl  snrfaee.s  is  tin*  same,  only  the  )iariimetcrs  to  he  used  ditTer. 

Xiinienms  Iieav,v  loading  ti*.sls  iierforimsl  he  Sipre  on  fi'e.sh  and  salt  iee 
sheets  have  clarified  the  failure  nieehaliism  of  sncli  erustisl  surfaces. 

*)  Ctiief,  .Vpplicil  Itc.searrri  Itrnnrti,  %  S..\  Pulil  Ite^iwii.s  lir,.enrv*li  iiinl  Kn^ineciiiig 
I.nlHinil(irv  (fonnerlv  Sipre). 
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Tliii  v  I'liiluiv  st.ifii's  li.isi*  («  III'  •listiii'TiiiNlH'tl.  At  (ii-st  n  tt'iisiuii  failui'e  in 
tlu‘  I'iidii'al  iliiHTtiiiii  wfurs  at  <ll(-  l><>ttoin  iif  tin-  in*  sUti-t,  itfi'()ini)a)iit'<l  l)y  a 
loud  oxplosivo  noixt'  «i!j  in  sli  in-  u!'  a  ‘lull  ininhlt-  on  son  ice.  Thi;*  fiiilufo  can 
Ih'  i'oniputttl  hy  iiii'aiis  of  rlastia'  iiMalysis.  AltlH»it:li  witlioiit  iininrilialo  ilanm*- 
iHUis  (‘oiiMMiuoiUM-s  siuli  I'aiiuii-  !=>  )•"*  dtsiialili*  foi-  u-o  sheets  niiiler  fix'ijueiit 
ns<>.  (.'oni-s|H»ndiiij'  aiierait  lattilidli  eiiteiia,  foe  ee^uliie  opeeations,  weio  com¬ 
puted  liy  Assur  *. 

Ill  the  next  pliase  iniiiieroiK  liidiial  eraeks  deveh>))  until  a  eiicuinieieiitint 
tTaek  iweui's  at  some  distaliei-  fillMI  'lie  load.  ’I’lieli  tlie  load  sllildiiily  safis,  Iiut 
is  still  lield  liy  the  wed^inj;  (if  ihi'  ii’e  I  eaoiiieiits.  'I'his  euuditioii  eiin  lie  predicted 
hy  iiu'aiis  of  plastic  anal'sis.  (»iili  for  eini  rociu  v  opei  atioiis  a  ei  listed  shrfacc 
rail  1k'  Used  close  to  collapse,  fiiti  lii'  lor  these  eases  can  he  I'ouud  ill  reri-reiiei‘  T. 

l-'iiial  hi eakthniu*;li  oeeiir.s  li>  lailiiiv  in  a  sheariii;;  /one  Mhieh  follows 
closely  the  outline  of  the  loading  sillilaee. 

Another  tyj>e  of  failure  is  thi-  |nineliino  of  the  crusted  sheet  due  to  a  highly 
concent  rated  load.  A  luiniher  of  liiiidino  test.s  of  this  t.^■l)e  were  made  hy  Sijirc, 
ineludiiio  tests  last  winter  at  IhilM'  Harrow,  Alaska. 

h'or  the  clastic  ea.si'  (re^ulnt-  uperatioiis)  the  differential  vii’.tation 

<1*  w  2  w  I  d- w  1  .dw  w 

dr*  r  <1  r'  f’  d  r*  r'  «1  r  1‘  '  ^ 

leads  to  a  j;eneral  .solution  in  of  ICelvin  functions  (2) 

w  --  (’,lier/(  t  hei/>  I-  (’  ,  ker/1  -r  (’,  kei  p  '(2) 

with 


r 


W  —  delleetion  at  tlie  distaiiri'  f  li'oni  center  of  coordinati's. 

I  -  Vll/K  ,  (3) 

a~riiiraeti‘rist ie  leiieth,  desieiuif^d  hy  ns  a>r  tTie  «  action  radius*.  K  =  the 
reaetion  of  the  foundation.  e(|njil  I"  Ihe  density  of  the  liipiid. 

K  h^ 

the  (lexnral  rigidity. 

I'l  ~  N'ouiio'.s  inixlulus,  li  ■■  thielill'ss  ol  Ihe  einsted  layers. /(.  ---  Poisson V,  ratio. 
Detailed  tallies  of  tile  Kehiii  fiiliclioii  involved  in  eipiation  (2)  were  recently 
puhlished  hy  Sipre". 

The  eominoii  ohjeetioii  that  Hooke's-  law  does  not  hold  is  not  \alid  for  iec, 
for  which  .stre.s.s  is  jirotiortioiud  la  slniin  virtually  until  failure  as  hiiio  as  the 
rale  of  loadiii}'  is  {'veater  than  (l.d  ’sec"’.  This  is  true  fur  any  non  iiie  loiid, 


^  !ur>  — 


I'oi"  i)iuki‘d  loiuls  tlie  vjiliility  of  (1)  is  inipuiii'tl;  imdiT  f.ipMly  moviJif? 

lo.’ids  n'simjmoi*  oscilliit tuns  iii:iy  Ik.“  rivatud  wliich  coiiiplifiitt*  tlii'  siltnilion^ 

Sitlislyiit};  llio  m-ccssiiry  Ixiniidafy  puitililiuiis  ami  iiiakiiii!  tlto  total  h^’dro* 
sialic  iviiuliun  I'lom  the  H(|\iid  layer  on  tin*  cnistcil  la^■^•l•  cipial  to  llic  •■onevn- 
liated  load  1*,  lltc  solution  is 

1*  k«‘i  p 


vvliicli  uivf.s 


*-»  TT  k  1= 
1» 


sk  1- 

rof  the  iitiiNiuiuiu  delUH-tioii. 

Ill  <uii'  work  wo  iiso  tlu'  iioiuliiiii  iisiuiial  riiiiotioii 


w 


koi  p 


(■») 

l«) 


The  iiito^ral ion  o\or  a  imirotiiily  loadoil  oirciifar  area  of  tlio  radius  yields 
tlio  hoiuliiig  iiiuiiiviit 

a 


1  +  ir  I 

rr - 1* - 


S  «  «1  It 

with  «  =  a/1  and  the  inaNiniUiii  dcv«do|>cd  llcMiral  sticss 

</  =  (i  .M/ir 


For  small  Inadiiiji  areas  an  ei(uivaleiit  radius  lallier  than  the  notiial  «  has 
he  used  to  aceoiint  for  the  Ihiek  plate  olYoct. 
h’or  elliptioal  loads,  sUeli  as  tires. 


III  -M/l'  = 


1  +  /i  t 


it  1^ 

a  a 


1  1  — 

n-  1  -i  -  t 


-  (1  -!') 


m 


1  — •  ratio  of  short  to  lone  diameter. 

Tests  liavo  shown  ihat  hi^rldy  eoiieeiit rated  loads  lad,  hy  iinnehinp:  under 
roimhly  4o0.  The  verlieal  tensile  stnss  on  the  4o"  eome  is  then 


(tO) 


(■Jn  -t  ti)  a-ti 


.Meyerhof*  limits  his  eoiiipiitation  to  this  stress.  \Ve  jirefer  to  add  veetonallv 
the  tensile  stiess  ereated  under  Iii-ndiii"  at  the  radius  a  -(-  h. 

W\anaii  •’  i^ives  lor  tlie  delleelioii  held  arotiiid  a  eireiilar  load 


t  tier* ««  ki'i"  p  —  bed  a  kei  p) 


(11) 


()  —  iiilensity  of  iniifonii  loading. 


!H6  - 


«Uvi‘Ioi*iii)»  tin*  iIuhh-v  \vo  Hiul  tin*  roll4»wiiii!  rcl.-ition 

W  (“i) 

—  Sonij  -  P/ {nj  (n,)  4 - + 


P"  [^.  («i)  i - ' -  <>—/*)] 


(li) 


*2  her  /?,  ;  ‘i  tn-i  /?  ;  kei  = 


^  ;  kcr  -  ~  — —  f , 


rt| 


Tlu>  fjrrosiKiiniiii"  siross  is 


a  h 

~r  i 


<i  i‘  III. 


;iiul  llu*  iv>(ilt,iiit  stri'ss  for  I'ailiui-  in  iiiinrliiiii'  uiuK  r  iN-iwIin" 


aj  --  I  +  o.' 


Keif  liiim-i‘  loiiils  tile  stfoss  >t  iiiiili-f  till*  ci'nliT  of  till'  liiiiil  will  ox(‘i.‘f(.l  tlu' 
foniltiiuil  stress  jii'iir  tin*  of  tltc  loail. 

Also  of  iittoi'i'sl  is  tlio  loration  of  tlvf  nioxiimnn  roili.il  sln-Ns,  whoio  one 
Wiiiilil  ixpcci  till'  forinatioti  of  j»  jil.isiii*  liin^r  tiiol'  i-  piolonue'l  loitiKm;;. 

A  fiitliiT  lrnj:lliy  lUoix ation  Iciuls  lo 


1 


P  (l^' 


Vr 


ft,'  {«•) 


V  + 


•-’V'r' 


p 


(13) 


Tin*  iirnuiiii  iit  p  fou_i/  iiinl  oiniltisl. 

l'l>ou  luiiiici'ii'ol  oviiluatioji  for  u  “  results 

fiiit  lx*  aiiproximiitivl  by 


\ 


n 

o.or.  +  — 
a 


(14) 


with  Ii,  “  tlu-  location  of  tin-  i-ivi-uintVn-ntial  iT.nk. 

The  taction  railius  s  1  uUicli  can  bo  ib-rivotl  f’-mu  (11)  aiul  oxpofinu-uts 
loails  lo  a  vory  small  tstiffir-ss  ir.o-.luliis  s  ]•).  Abo  ouo  slioulil  lousitb-f  that  tlic 
looatiou  ol  ir.axiiiuiiii  radial  st fossos  travi-ls  tow.iii^s  ila-  ooiitor  of  oisinlitiatcs 
with  iiK'ioasiiiy  load  ami  lon^or  ajiplioation  of  tho  load. 


Xot  niiirh  Min  Ik*  doi«*  if  uiu*  liiiiMs  himself  lo  an  analysis  ni  ‘‘in'iilai*  loads. 
Jlost  aetnnl  hanls  havi*  an  nrliitrary  «•ollfl<;ul•atioll  of  tin*  loadiifff  stirfacc  on  the 
cnist.  A  iiK'thiNl  Inid  ti>  Ik*  fnumi  to  Miinimtc  the  .sticsscs  P/f  loading 
(.■oiiHguration.  , 

This  can  In*  dune  liy  ilivKliiig  f'K<«iing  surface  iiilo  a  fJ(l)>dx*i'  of  .small 
eiirnlar  loads  with  vaiyiiig  loading  intensity  at  various  local 

llv  asing  the  fundataeiilal  ivlatiuns  for  the  radial  and  lal/K^'Idial  nionients 


M,  =  --  I»  (- 


d*n 


M,  =  -  1)  (;.  - 


it 

d-w 


i\  r- 


fl  il  w 


1  .1  w 

"  -T-) 


(12  n) 


(121,) 


and  considering  ‘hat  f«a'  orlliogonal  aioiiieiits 


M*  M.siiiM)  a 

Mj  ri>S"  H 

(\:\  a) 

or 

2  Me  =  M,  (1  - 

-  ..is2<-))  + 

M,  ii  -  1*03 

(13  b) 

wilh  M  (lie  ;ingle  ladween  the  direction  of  ihc  nioinent  and  iha  (efciiniec 

axis; 

and  the  I'cla lions 

w  =  w,„  O 

(Ha) 

(I  w 

du 

(14  b) 

iX  r 

r 

'.77' 

•1 

(14  e) 

<1  r- 

1^ 

•1  p 

willi  w,„  --  I’/  Skl'  tin-  nia\iiniun 

di’lleetioM  under  a  point  load  itPd  m 

W/W.n 

which  is  easy  lo  jirove,  \vc  liiid. 

considering 

eiiiiiition  (11),  afhi'  reanainging 

the  terms 

(ir,) 

—  Kim  —  l.\  i 

U.os2())  -i 

/I  (.\  Kiti'2(;; 

with 

A  (n,  o)  - 

P/i^)  , 

- y 

/?'(») 

+  - 

(IGn) 

a 

P/  («) 

H  Uh»)  - - (<!> 

a 

“T- 

a  t> 

(If.h) 

Tile  argimieiit  p  for  ^  .nnd  is  omillcd. 

The  i-valnation  liiiise-:  no  iliflicully  l,y  using  a  ilii'.il.il  ('(/.'I'luitcr  winch 
originates  llie  Kelvin  funeliuns  involved.  I'or  manual  eoniimlanoMs  it  is  inoio 
advantageous  to  ai'proNiinalc  the  loading  conriguiation  l,y 
point  loads. 


This  girw 


—  'JIS  — 


A  (/>)  -  (p)  (17  ii) 

V  ip) 

H  ip)  -  ip)  —  -  -  ( 1 7  h) 

p 

Kqunlion  (I'))  iiniihiiicil  wiili  (1C it,  It)  of  (I7ji,  h)  i-jiii  Ik-  used  for  uiiy 
loatlin);  i*uii(i)riti‘ntiim  ••xft'jft  for  Iniids  rn  the  miriK'ititite  riciiiify  of  the  eciiter  of 
c*u(inlinnt«*H  wlu'rn*  the  stresses  ore  eonipiited.  I'liesi'  speriiil  iMcciiutioiis  must 

be  taken. 

Tile  »-iiier}reiiey  eriteriii  4-itiii|>iili-iI  Ity  .\ssiir  '  wci’e  liiiscd  iiiioii  the  iiiiiieiple 
«»f  ru]l»|>s«‘  loiuls  with  reasonable  safety. 

Theiv  is  still  no  <-iitirely  satisfaeiory  llieory  luailiilile  for  the  tinal  eollapsc 
«»f  iei*  sluH'ts.  This  is  priitiarilv  iK  i-aiise  part  of  the  iee  sheet,  no  diiiit,  retii.-iins  in 
the  elastn*  slate  while  the  plaslie  slate  is  ri-aehed  near  the  loatl  uiuler  pidliinued 
luedintt. 

The  inosl  .satisfactory  iipproaeh  can  he  derived  from  sttidyino  tlie  eipii- 
libriuni  of  a  Wisltte  wi|t|  its  ap4-x  al  the  eeiiler  of  a  rirciilar  loail.  Hadinl  yiehl 
ltn<”«  proore.ss  onlwi.isls  until  tin-  radial  yiehl  inonteni  per|)eiidieii1ar  to  a 
eirenlar  line  eipials  ilie  lap-iiiial  yield  moineiil  perpendieiilar  to  the  radial 
yUdd  Hut'S. 

An  anal.vxis  of  Ibis  cmieept  h-ads  lo  the  expression 


(IH) 


for  the  tnii.xiintitn  radinl  stress.  This  can  he  exjnessed  also  as 


I’. 


4  TT 


(1!>) 


The  first  aiiproaeh  alonu  ihe  line  was  made  by  .I'.)hanssi>n '.  Aleyrrliof  * 
iTcently  dmivotl  tlie  apjiroxiniate  e.xjiressioii 


for 


l»„  =  ;i.;tr  (I  +  n)  .M„  (20) 

o.ori  <  1 


Ih*  Uses  n  more  advaiteed  eoiieejil  in  di'iiviiii;  the  di'lhetiiin  profilix  'I’hc 
niniii  tlLsadvanlime  in  the  <leri\alion  tif  t  ipiaiion  I’JOj  is  the  assnnii)lion  that  Ihe 
whole  hy  drosliil  ie  leaetioii  is  i-ontiiu  d  within  Ihe  hiiiee  eirele  and  also  the 
n.s.stinipfi*Mi  that  the  radiu:;  of  the  iii;ip'  eirele  is  equal  lo  the  radius  of  the 
delleetioii  dish  in  the  ela.stie  ea.se.  Ilolh  of  lhe.se  assiiinptions  are  eout radieted 
by  our  liirije  .scale  loadiun  tests. 


—  !»20  — 


Siimo  li  sulls  Ilf  failiiiv  on  fn*sh  ire  sFirets,  iNTfumKHl 

in  11)54  by  the  nutlior  iiiul  snbsisjne.ttly  by  Fniiikriisteiii  (Sipn*),  snpplriiienteil 
by  tlic  e.Npi'ricnn*  of  tnietm*  train  niMnatoiN  in  Alaska  are  sliawn  in  1. 
Most  of  flu-si>  <lafn  eomspoiul  to  a  1*2  ft  eirrulnr  loa»I  I’ {ntetrie  tons].  As  a 
first  aiipnixiiiialioji  llir  c  loailinif  fartnr  *  ran  Ije  iimsI  to  elianu'trrizr  the 

iiit<-nsity  «if  l«)ailiii"  (ordinate)  li  ier  tl>i<;kiie-.vs  in  in.  Alt)ioii«)i  I'/h*  =  100  is 
wiiK'ly  ri'ei:iniiu'H(l(  (l  l^ir  ti-iflie  over  io*.  wliieh  is  ((iiite  sound  fui'  loads  of  short 
iluratiou,  complete  breaktbnnifih  dia-s  mu-itr  with  siirli  a  loatliiig  factor  after 


prolonged  |>arkiiig.  The  graph  is  als4.  part icniarly  i^l••rl•^l iiig  in  tin*  respisd 
lliiit  pari  of  till-  advantage  of  using  the  jdaslie  yielding  eonee]>t  ratlier  Ilian  tbe 
elastic  ilieoiy  is  lust  Iieeaiisc  of  the  pbrrionienon  illiisirati d.  Hlaslic  fheor.v 
ajiplies  for  ipiiek  loading,  plastie  tbenry  for  loads  of  lung  duration. 

The  curve  in  fig.  1  van  be  represeiiled  liy  an  eiiiiatioii  of  tlie  type 

I* 

--  -  A-'/'..  +  ('  (24) 

tr 

As  ineiiiinnei!  abme  eoinpleli-  eollapNi'  ihtim-s  only  some  time  after  a  eireuin- 
ferenlial  eraek  has  formed.  ,\s  long  as  the  loads  are  not  e.xeessive  this  may  take 
as  long  as  PO  iiiinuti  s  (fig.  ’i).  giving  jih  nty  of  warning  for  pai’ki'il  loads.  With 
high  loads  the  <f  gr.iee  periods  is  miieh  sluirfi'r.  With  a  loailing  faetor  of 
227  eomph-le  bis-akihrmigh  .reeiir,..  iiislaMlaneoiisl\-  after  tlie  form.')  I  ion  of 

a  eireiuiiferciitial  er.-’.ek. 


d  t  - 


(•-’■->) 


P 

110  —  — 

ir 


llijrh  loixliiif;  fnclors  n»ny  In-  iisit?  iui<lfr  **nn“i'"Chry  coiulitioiis  if  one  is 
l>ivp!irci1  for  SI  rnpul  bnsiktlin nil'll  williinit  nuu-h  wimiiiig. 

Finally  sniutlu-r  plu-nnnu'iion  niii-st  In*  iiii>iitiuiu*4l,  '.vhieh  lias  Ix'cii  tlic  csiuse 
of  iiiiiiiy  iicriiU'iits  ill  till*  past.  Altlioii;;li  tin*  ii-f*  slns-|  was  safe  aeeonliiiK  to 
aeciimulatisl  ex|N-rieiNs‘,  veliieles  have  through  if  a  iVMinaiue  finiueney 

was  aiiiplitieil  witliin  tlu*  its*  sliis*!.  The  «ei-ilieal  siss-tl  »  (v)  ilepnxls  ]ii'iiiiai-ily 
ii|H>n  the  ilepth  of  water  in  the  esi.se  of  slisilluw  wsitiT  iNxIies  and  primarily  upon 
the  tliiekiiess  li  and  iiiodiiliis  of  elastu*  K  in  the  nise  of  di'ej)  water  iHslies. 

Tile  eorit-s|Mi>iiline  solution,  hastsl  primarily  upon  the  difTerential  ei|iiatiuns 
discussed  Ijy  (Jlss'iihill  *,  is; 


hi 


1‘osll - +  r( - ')’A 

.1  I.  ^ 


with 

^  "M'  •  (-;“)*] 

and 

«.  -  fj/t 

It  =  Milter  det»lli 

V-’irp,  (1— ;e) 

;r  -  lieteloralion  ef  '•nivily 

r  p./pw 

px  -  deii>ity  of  iis’ 

(j,  -=  ileiisily  of  Mnler 

r  -  S/2  T 

s  =  ivi 

L  =  doniiiiioit  Mn\eleni;lli 

'I'lie  factor  s  wtis  ilerivisl  from  a  Koiirier  analysis  of  tlu-  Jvelvin  fiiiu-tions 
jirodileed  t lieoretieally  hy  a  load  moving  over  iee, 

l'’ii;iire  d  iiives  a  noinoerain  for  prtielieal  purposes.  The  "lapli  is  eiiteiTd 
with  Viniii^'s  inodidiis  of  the  iee  sheet  on  the  line  .M  .\  K.  hi  this  ease,  is  inueli 
higher  due  to  dynaiiiie  loadiiij';  dO  X  10'  l,./ni'  may  he  used  for  sea  iee, 
4."i  X  10'  for  snow  iee.  llO  X  10'  for  char  fresh  iee.  The  intei'seetioii  with  the 
iee  thieklie.ss  lines  h  (in  inches)  I'iies  a  I,  value  tmh  In  ease  of  «  deep  wtiter  » 
the  eiilieal  speed  can  he  llsid  directly  oil  the  ri;,']it  .sislle.  For  shallow  water 
ttiiiyihint’  to  the  left  of  the  line  .\-.\.  depeodine  ujioii  l,i,  tlie  iiiter.si etion  of 
the  It.  line  wilii  the  eorresiMindiii;;  th|il!i  Mill  ;rive  llte  eritieal  sjieeil  in  .Mi’ll. 
For  e.Naiiiple,  clear  iee  X  0"  thiek  eives  I,  24  and  a  eritieal  veloeity  of  42  .Mi’ll 
in  :i  water  hotly  iOO  ft.  deep. 

'I'lii'  true  re.soiiiinee  sjieed  is  sli”lilly  helow  the  llieoietieal  eritieal  .speed  due 


—  yi3  - 


«  «I«t'liiu‘!<  willi  tin-  )ii}'lu‘i'  loads  indu-iitiii}:  pi-dj^isssivi.'  j)liistif  yii’Idiiid.  Values 
from  415,000  to  .VI, (KK)  f„/nr''  were  found  l>y  lliis  iiielliod  for  ice  sliceis  eoinposcfi 
liirgely  of  »nu\v  ice. 

.Nnotlier  tliflieully  is  that  in  most  enists.  iti  particulai'  in  sea  ice  Vomit’s 
modulus  eliali"i-s  with  depth  within  the  crust.  This  prohhiu  can  I)e  iiiel  by 
niiikiii!'  ail  ailjustiueiit  in  the  ffexuial  rifiiiliti'  D. 

Also  the  fl«‘.\ural  stiviijjlh  will  5»‘alTeetisl  by  ,t  verlic-al  vaiinthifi  of  K  within 
the  crust.  A  «  traiisfornied  cross  .section  »  lias  to  he  used  in  such  a  cu.m*. 

Assuinili;;  .n  linear  carialioli  of  K  within  tin-  piolile  the  ratio  Ki,  iH-twi-ell 
the  llexiiral  streu,i;lh  of  an  assumed  isotropic  eiust  and  the  true  ma\inmMi  stiv.s.s 
in  the  liulluni  layer  is 


(I-  -I  1)  (r—  1) 

It,;  -  I  r - 

•-*  fJr  I- 


CiS) 


with  r  the  rath»  of  Youno's  inodiilus  M  at  the  lop  of  the  erasl  to  1]  at  the 
Ixiltoni. 

.Snhstitutiii}:  l.'r  for  r  in  CiSj  to  compute  the  ratio  It,  Kmeeinin;;  She 
.stress  ill  the  top  la.ver  we  deriee 


K,  2r  +  1 

Hu  r  ir  +  •_') 


|2!») 


for  the  ratio  iH-lween  the  ilexural  streiif'tli  with  tension  at  the  lop  and  the 
lle.Mirtil  slreii"lh  with  tension  at  the  hotloiu.  This  is  imjioriant  for  an  eialaation 
of  «*ircuiiifeis-nl iai  nai-kiiif:  (^leiisioii  on  top)  and  first  radial  erarhinn  (tension 
at  .the  bottom). 

The  llexural  slieiiKth  of  iee  sheet.;  is  nii  asiired  eoiiveiiii  nt ly  in  situ  by  laeaiis 
of  sinipl.v  sup|>orled  Ims-iius  cut  within  I  In-  iet*  .slirel. 
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ABSTRACT.  —  The  fstahllshment  of  rahoas  courses  on  off  the  road  locomotion 
have  been  stimulated  hy  the  publication  of  M.  G.  Bekker  papers  of  19S6.  There  only 
haie  been  before  some  lectures  at  Sterens  Institute  of  Tcchnoloyy  of  Hoboken  in  19S3. 

A  table  shoius  the  American  VnieersitUs  where  at  present  are  held  lectures  on 
land  locomotion  and  points  out  the  number  of  students  enroled  and  graduated. 

These  lectures  >iale  a  good  frequency  considering  that  young  people  are  mostly 
attracted  bp  other  problems  us  space  or  nuclear,  hut  are  oii/j/  the  first  step  of  a  program 


that  must  hare  a  targ  del  elopment. 

The  uuitersily  seams  to  he  the  be.st  place  for  studies  requiring  a  deep  knowledgt 
of  the  ground  as  well  as  locomotion,  for  the  moment  mainly  Agricultural  Engineers 
arc  interested  in  the  suh/ecl  hut  the  importance  of  the  problem  (excluding  military 
rcquiiemeiits  that  hare  to  be  considered  temporary)  spread  over  not  only  agriculture 
but  all  kind  of  locomotion.  U'e  could  think  to  hate  in  the  future  roads  for  fast  travel, 
unci  for  slow  locomotion  <20-25  nt.p.h.)  use  a  good  off-the-road  vehicle  and  cross 
the  country. 

Locomotion  on  the  moon  is  a  hard  problem  di/hcult  to  solve. 


Till'  iiisl  ruct idUiil  nl  v.-irioiis  I’ii’n cisil ic.<  ill  tlio  1  iiiti'il  SttitVH 

wci-o,  ill  yriH  i;!!,  .'stiirlctl  iiinlrr  ilu-  .slinmliis  of  .Mr.  .M.  (I.  Hfkki  r,  tofictlu'r 
with  hi.s  jictivc  ;i.ssisl;iit«T  in  niiiity  vii.-it-s.  Oin-  viiy  mT»'ss;u’y  inoicilii'iit  l«r 
urowtli  was,  of  founa*,  the  rxistom-o  of  a  lost  kiKik  for  iiso  in  .'.m-li  instrin-tiun; 
it  follows  that  tin-  piiltliralioii  of  «Tlu-ory  of  l->iiil  I^ooomolion »  Ijy  M.  (I.  Brkkcr, 
rnivi'rsil\  of  Midii^an  I’lt.ss  pi.M;.  maikc.l  lli.>  Ixjiinniii^'  of  most  of  tin' 
luvsoiit  I'lay  courses.  Tlinr  is  oiir  I'.Nc  plion.  ili.tt  lx  iiitr  Mic  (’ourso.s  aiul 
Jli'si’arcli  in  llir  Mi'cliaiili-s  of  ^fotor  Viliioli-s  oflnnl  in  tlir  Crailnafo  i^oliool 
of  Stcvi'iis  Institute  of  Tet-hnolojry,  llolmkeii,  N*  w  -Irrscy  1  roin  ll'ol  to  IDoo, 
tln’.sc  a]i|)(’iir  to  In*  a  i>ioni'('r  effort  iii  tin*  field  oi  l,;uul  Ijoeoniotioii,  ainl  weiT 
olTercd  liy  -Mr.  Hekker. 

Tin*  next  major  step  in  eonrse  otVeriii;'  lollowed  till’  jinlil'eat ;on  ol  tlio 
iiliONe  mentioned  text  in  IK'ifi;  and  eonsisU-.!  of  orailiiato  eoui-s«-s  ta)  I  lieory 
of  Ijand  l<4)eomotioii,  (li)  Land  lan-oiiiot ion  I.alxnatiiry  at  the  I  iiiversit \  of 
.Miehi-an  in  tl.e  fall  e.f  Mt.Mi  by  tin*  writer. 

'I'lie  j;row  tli  ill  the  I  nited  Stall's  siin  e  that  liino  eaii  be  rejiresented  bi  >t 
liv  till*  data  in  Table  I.  the  order  of  pioseiitatioii  is  not  nei'essarily  eliMiioli.j^ieal. 
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Kish*  priiifiph's  can  Ik*  applied  in  practice.  Tliaf  is,  the  education  lins  been 
sci«  iiti(ic  and  nut  cii'iiiU'crini'. 

In  the  conventional  cn^inei-iinj'  fields  the  lack  of  detailed  knowledge  of 
.any  tme  aj>plied  subject  is  perliap.s  not  too  soiious  since,  due  to  long  use,  a 
giKsI  understanding  of  tin*  subject  lias  been  acipiiied  over  the  years  and  much 
has  worktsl  its  way  iu'e  many  general  iaKiks;  thus  it  is  easy  for  a  well  traiiiisl 
laan  to  r<si*l  anil  nndersiafid  what  is  neci'ss.iry  i:i  any  one  field,  then  given 
some  ex|H‘rieliee,  eomjieteliey  results.  This  eaimnt  be  done  in  the  Land  Loeo- 
niotiiin  lield,  there  is  iilile  to  read  and  still  less  wi-itteii  or  known  ns  to  the 
applieatiim  of  sneli  laws  as  appear  to  ap[ily  at  the  present  time. 

The  well  trained  man  in  hasie  si-ieiiee  can  do  research  in  the  field  if  given 
a  year  or  so  in  which  to  become  famili:ir  with  tlie  ri‘ipiireinents;  however, 
aiiylbing  assoeialed  with  siteh  nuindaiie  siihj<  cis  as  snrfaee  loeoiiiotion,  receives 
lilllc  attention  today  from  .voting  miMleni  trained  persons;  space  and  mielear 
problems  occiip.v  almost  all  their  attention.  Tin*  fact  that  in  the  mar  future 
more  and  more  of  the  earth's  suifaec  must  be  traversed  by  inaeliiiiciy,  not 
only  for  wtir,  but  for  the  raising  of  crops  to  feed  the  present  and  eoiitinning 
|MiptiIatiun  I'Nplosion,  does  not  tippeal. 

It  does  seem  to  the  writer  tbai  tin*  presi'iil  jdaee  of  hind  loeoniotion  courses 
liis  with  the  -\griinltui ill  ICngiiiccrs;  it  is  lu  re  tluil  its  inesencc  might  luivc 
till'  most  immediate  iind  hisling  eflVct.  It  is  hopisl,  at  least,  that  in  a  relatively 
few  yoiirs  the  vtirious  iiittioiis  of  the  ciirth  will  leali/.e  Ihiit  nolsidy,  evim  the 
victor,  giiins  as  ti  restili  of  ii  iinijor  w;ir;  tints  llie  etVorts  in  the  lield  iiinhr 
disitt.ssion  directed  towiiid  militiiy  objeelives.  though  they  aii*  extremely 
iiii[iortiiiit  at  the  present  time,  slumhl  be  treated  as  a  temjmriiry  reipiirement. 

Turning  iigaiii  to  the  eiviliiin  appliciiiions.  other  tlian  fiinaing.  tliore  itre 
iiiiiny  siitiiil  villages  and  towns  in  the  r.S..\,  tlmt  iire  getiing  cut  off  fioin  liii'go 
Vide  ecotiomiciil  supidies  dlle  to  tile  sliulliilg  dm\iu .  of,Jiliee(4ioinieal  fiiilroad 
traiisjiorliition.  The  highways  imisl  now  earry  the  neeessaiy  supplies;  but 
a-gtiiii  giMid  roads  on  which  the  vehicle  sponsored  by  the  nuhlern  trend  of  the 
.iiitoniiiiive  iiidiislry  imist  travel,  at  least  in  the  I  niled  .'slates,  itre  iihso 
extremely  exju'iisive  to  hnild  iind  liuw  long  the  j-.resrnt  tri  iul  in  road  eonslrnetion 
with  its  ever  inereaslng  l;i.\;ition  e;in  eonlinne  is  probleii);it ie;d.  A  good  off-the- 
n*ail  vehicle  capable  of  cross  coniilr.v  join  lieys  even  at  ‘id-'-b")  miles  ]ier  bom* 
Would  be  a  great  boon  for  many;  using  the  main  higbwjtys  for  fast  travel  over 
the  long  distance  to  the  nearest  point  followed  by  oll'-ro.id  distrihf.tion  to  the 
final  ileslinalioii  of  both  goods  and  matcriiifs. 

To  make  sneli  a  sebeioe  iiussilile  a  greater  !;:io'.'. ledge  of  !l;e  properties  of 
the  earth’s  snrfaic  is  a  first  necessity  followed  by  increased  kiumledge  of  bow 
llu-si*  pri)]ierlies  etin  be  eonibined  with  tluise  of  ;i  sititalile  iio'ehanisiu  to  produce 
the  tlcsired  iifr  ioad  speed  and  eonifort  iieeissary  for  such  oiural ions.  At  the 
p;ssenl  time  the  rniver.silies  appear  to  lie  the  only  source  of  supply  of  men 
for  such  ojieration.s  and  an  eilnealioiial  and  nseareh  ])riigram  of  siilfieient 
m.igiiitude  stafied  by  first  class  jiersomiel  tippear  the  only  way  of  arousing 
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sluilont  iiitor'«*sl  in  sucli  pntjtcls  .niicl  tlius  itiDilncc  lln*  nu-n  eapnl)lc  of  eMrrj'mir 
on  tiu'  in'ccsviry  ilovi'lti|>ni«-iit>«  jiinl  <U‘.Hi};nH.  * 

If  «ino  lots  his  imu'riii.ition  inn  »vi!tl,  thoit'  ;iro  other  phn.sos  of  hind 
locomotion  which  couhl  altr.u-t  the  scicnfisi  intcii'stisl  in  space,  hut  pliasos 
which  without  tiilc)|untc  suppoi-t,  prnhahly  ('ovcriinu-nl.il,  conhl  not  Ik*  tacklwL 
The  niiKin  is.  at  i>nsciit,  fonnost  in  many  inimls.  Do  the  early  arrivals  on 
that  planet  explore  it  ou  fin  if  own  two  tVet  wln-n  they  jn-t  there  ot*  wait  and 
Iniild  mails  for  aiitoniotive  ts|iiipii)ent  with  tlie  possihilily  lliat,  to  lieoin  with, 
all  of  the  important  iiii;ietlii-ms  for  roads  niiist  U'  sliippisl  fiom  the  earth. 
There  arc  soiiie  snyoestioiis  that  the  moon's  snrfais'  is  a  deep  layer  of  dust; 
if  so,  present  ot'i-thi'-road  equipnieiit  wmdd  he  useless.  ||  follows  that  tslueation 
iind  study  of  as  nuieh  i  tin*  prohleni  as  is  possible  from  oiir  home  hasc  is  first 
necessary  and  fiom  such  knowledge  an  eii"ineerino  apjiroach  to  a  pos.sihIe 
.snitahlc  vehi<-le  eoiihl  he  m:al<*.  Stieh  ei|uipnient  would  prchjihly  have  a  Iw'tter 
ehanee  of  siiceess  than  siappin*'  any  of  the  present  vehieles,  anioinotivc,  aKt’icuI- 
Ini'id.  road-inakiii<;,  <‘te.  t<«  the  iihkhi. 

It  is  eoiisiilered  that  the  land  locomotion  eoio-scs  sneh  as  those  givcti  in 
Table  I  reprevnt  tlio  first  .step  in  a  imich  broader  iiio”ram  llian  is  coiitcmplotod 
by  many  and  whieh  will  t;ike  iniieli  longer  to  sobc  siieiess  fnll.\-  than  that  of 
reaeliing  the  luoiiii  itself.  It  follows  that  efforts  to  lay  sniue  groundwork  for 
an  engineering  approaeli  to  sonn*  simple  easi*s  of  designing  u  veliii*lc  to  suit 
the  material  ou  wliieli  it  is  to  operate  lotlier  Ih.iti  a  hard  siirfaee  road)  doc.s 
ineiit  eonsideralile  study  and  research.  If  this  simple  one  ran  hr  solved,  it  may 
jioint  the  wa.v  t  i  .solutions  of  the  fai*  more  eomplieated  ]irohlems  likely  So  bo 
met  in  llie  fttluie.  Without  miiliiiued  study  and  researeli  at  ruiveisitics,  tin* 
main  objeet  of  whieh  is  tbo  training  of  men  for  various  duties  in  seienec  and 
industry,  ther**  .sei'ius  little  rhaiici’  of  experienced  men  in  any  tuimix'i”  Itcing 
available  for  nuieli  fuluie  development  work  in  tlie  field  imdrr  discussion. 

The  writi'i*  wislies  to  thank  all  his  colleagues  at  the  various  scbools  for 
their  eoutrihurioiis  whieli  made  this  analysis  possible. 


I)  ISC  V  S  S  I  0  K  S 

L.  AMICI.  —  'V'olevii  .'olo  iliiT  id  eonteroiiziere  <lie  ou;  in  Itnlin  froi.niuo  Uli 
(’oiso  111  I’olitei-liien  ill  Toi'iiio,  giii  <lii  set  iiniii,  sol  pncoiiia’-ieo,  sulle  sos|K'nsioiii 
imeiiiualielie  per  luitoveiioli  e  .-u  tulle  Ic  appliraziooi  In  goiiuiin  ai  vpieoli. 

(^iic'.lo  eorso  r  IcMulii  presso  l’l>liliito  del  I’lof.  I’e'loiie  ill  I’oliloeaii'o  di  Torino, 
n  eiii  I'Oralore  imlra  rivolger.--i  per  :i\erc  itil'oniia/.ioni  >iillo  imitciie  tniltiilp  ibiriiutc 
(pieslo  eio'so.  (Iiii/.io. 

A.  R.  RRECE.  —  Mr.  ('hainnaii,  (out leiiieii,  oiir  Dei'art iiieiil  at  Diiilmm  Ibiiver- 
sily  is  llie  unl.v  Itepu  rt  iiieot  of  .Vurii  iilluia!  KiigiMeei  iiig  in  I'ngland.  Ue  liave  been 
going  for  about  I'l  years  and  «e  me  very  eoiiienieil  to  e>l;d)li,-.|i  .\giieoUiind 
Kngiiieering  us  ii  woi  t loi liile  I'liivcrsil.v  Milijeot. 

M  e  roiisidereil  it  iiiipovlaiil  to  deeelop  tliO>e  siili.ji  lUs  wliieli  e;iii  he  eoiisidoird 
iiuiipie  to  ngrieiilliind  eiiginrering  iiud  here  of  eourse  the  t'leld  of  soil  d.vnnmies  in 


its  two  lirnnriit's  of  soil  iiii|i1oiiii'nt  iind  soil  vcliirlc  nierlmnics  is  of  tho  nlmost 
iinjMMtancf.  A  lot  of  I'li^inooriiijr  is  really  only  ortlinary  laecbsnieal 

onjrinrcriii)^  a|>|>lic(I  to  a  inavhiot-  (i.-.oiS  in  fomiiun.  We  coasiiler  it  most  iwportatil 
to  iU'Vrl(»j>  siilijts'ls  wliirli  are  ani(|nc  to  ns;ri<«ilt«iral  enjiinccriap:  in  prcforvnep  to  those. 

We  are  thi'refnre,  tievotinij  a  Ini'sre  iinumition  of  our  research  etfort  to  *3e- 
vei<>j)iii);  tlie  stiil  iiio<-lianii'7>  sluilies  nml  to  mte^fmlioj;  tliciii  into  our  lencliinfr.  We 
are  ruiinin;;  a  hrii-f  course  ia  veliide  itiecliaiiics  at  the  laoment  nail  ono  of  the  very 
j^»l  fjutures  of  srtch  .1  cottfse  is  its  realism.  It  mahes  n  |ilrnsnnt  cfmii"(*  fnmi  the 
nonniil  fossiliscil  ha.sic  eticiacerinjr  iiiaterinl  to  he  able  to  teach  idea-'  which  'will 
aliiiDsI  c»  'taiiily  he  *>lisoleIe  wiltiin  a  matter  of  a  few  years.  It  is  stim>,’*'tiiif'  to  the 
stmleiils  for  them  to  earry  out  e.^jUTimenl.s,  the  results  of  which  do  not  really  fit 
the  t henry  they  have  heeii  taught. 

J.  R.  FHItiLIPS.  —  We  nii|Mair  to  he  disciissinp,  geiilleiaeii,  the  i^iiestion  of 
icull  111  al  eai;iiieeriiig  (  our.'es  in  the  I'liivi-rsities  ami  leehiiical  colleges.  Perhaps 
it  may  lie  iiiterestiig  for  you  to  hear  soiiutliing  of  the  arguiiients  and  ilcvelojimonts 
which  li.ave  liceii  faking  jilnce  in  .tiisfralia  on.  this  matter.  Hrielly,  in  Melhoiiriie,  in 
iho  casti'iii  jiait  of  .\ii.'(ialia  after  thc^  very  hard  work  from  some  twrnly  years 
of  a  certain  .Mr.  \‘asoy,  there  is  now  urgauixed  in  the  Vniver.sity  of  .Mollmurne,  and 
in  a  way  eonneeted  with  the  slatniard  tiaelor  testing  authority  set  up  iitiilcr  the 
au.-ipiecs  ol  the  rniversify  of  Melhoitnie.  a  lull  degree  laiiirse  in  agrirullurn!  engi¬ 
neering.  The  students  there  fake  the  fir.-.!  three  years  of  this  course  mote  or  less 
in  common  with  other  engineers.  In  the  tinal  year,  however,  they  speeiitlizo  and 
graduate  with  the  degree  «  Itaelielor  of  .Agricultural  Kiigineeriiig  ».  One  of  the  hig 
diflicalties  iti  .Australia,  aiid  I  e.vjK'ct  el.-^ow here,  revolves  .nrotiml  the  niguiiient  that 
.Mr.  Hrece  has  nienlioaed;  what  is  it  that  constitutes  the  sperialaess  in  agricultural 
eagiiieering  as  a  discipline  worthy  for  a  sejmrale  title.'  It  is  very  easy  to  say  that 
ngrii  altural  etigineei  ing  is  xiaiply  one  of  the  lields  in  w  Inch  any  respoitsahle  and  well 
Iraiiioil  eagiucer  may  nitiiiiatcly  operate.  Oaeo  this  iirgumeiit  and  discii.ssioii  has  been 
resolved,  however,  ia  one  direction  or  tiic  other,  jl  is  Ihfii  iniportnnt,  if  you  wish 
to  discuss  the  content  of  course.s,  to  ask  the  rpicstioii :  «  What  shall  we  teach  f>. 
Tiiimi'diately  the  though  nri.'^es  that  if  agririiltnrnl  engineering  i.s  to  be  a  diseijutne 
in  its  own  riglits,  it  will  need  to  deal  not  only  with  the  question  of  meehanisiii  and 
inacliiaes  in  agricaltare,  hat  it  mast  deal  with  hydninlugy  the  slinly  of  water,  the 
geogrnpliy  of  strata,  geology,  crops  growing,  weather  and  many  other  of  llie.se  rotated 
topics,  Howevi'f,  the  ingniactit  enutiniinlly  comes  buck  to  the  question  of  .soil 
incchariies  and  soil;  here  aMoaipts  in  .Melliourne  liavc  been  imulc  to  produce  a  5oiI 
science  subject,  or  discipline,  which  iiiny  have  relavnare  to  the  (pieslioii  of  engi¬ 
neering  ainl  iigrieiilture.  The  (piO'tioii  that  I  contiiiuo  to  ask  of  the  )ieo|ilo  who 
(ie.sigii  these  ionises  is  thi.s.  I  sav  the  simly  of  soil  iitechnnies.  ns  so  far  developed 
in  the  test  hooks,  is  tlie  soil  imcliauies  of  the  civil  engineer.  The  soil  iiiechanics  of 
the  civil  engineer,  it  seems  to  nic,  deals  nlniost  exclusividy  with  .soil  in  its  compacted 
state.  They  tire  conccnied  with  the  iiiu—tinus  of  foiiiidatioii,  of  oanying  cajnieily,  and 
so  on.  The  ngrieiiltural  engineer,  however,  would  need  to  simly,  I  imngiue,  the  soil 
nieclmiiics  not  of  soil  in  it-  conipacte<l  state,  l;iU  soil  .soil  in  it.s  dispersed  .state.  Aixl 
here,  in  this  Held,  rs  far  as  I  can  see,  there  nrc  hardly  niiy  e.stahlisltcd  .•.cientifie 
principles  at  all.  The  result  is  in  the  1  niveisity  itiseussion  in  .Australia,  In  do  with 
the  ile-i;rni'ig  of  .such  ciinrse,  the  result  is  that  a  three  tenn  yonr  is  devided  Irelwoen 
three  separate  leeturers.  AVe  huvr  one  Icrturcr  from  a  civil  enjnaeering  <le]Mirlnient 
who  teaches,  willy  iiilly,  everything  t!i;it  he  knows  about  soil  mccliaiiics.  AVe  jiave  a 


soil  pliysirisl  from  th^  ilriwrttiiriif  of  ji^rirnltnrr  «lio  liOls  wlmt  hp  knows  irboirt 
!M>il  physirs  ninl  the  rlas.-*ifirnfirtn  of  iirrortHnp  to  n  wpllo  n.stahlishrd  iirineiplc 

alon);  Hiosc  linos.  Wo  al-s*  toi-tnros  from  llic  s«(i|  inirroliinlooist  nini  I  lie  soil 

ohi'BMstv.Xow,  i(  is  my  «*x|«orioii»<<*,  in  ilist-ii.'vsin^  »ilh  llio  looturor.s  oonooriicd  in  this 
work  in  Mollwiinn*.  1  have  sjiiil  to  thi-m:  «  llow  ilo  you  iiitoornto  tlii-so  throe  ililToiont 
ilisoi|ilinos  iitiil  join  tlioiii  into  a  ww  >«-jt.ariito  tlU«‘i|ilitio  wliioh  has  a|i|ilioation  tor 
llio  itmllt'r  of  iiirrioiilliiml  o>ii;itt(s-riiiu  •  *  .Viol  Iroiii  <‘iioh  oiw  of  those  throe  months 
etmies  the  answer:  «I  nio  iinahle  to  «rist-ii>.s  luy  «lisei|irnie  with  my  rn)leii;nie,  ho 
iVoosii’t  imilersliinil  me;  nior**owr.  1  ilou’t  uiiil(>r>la)iil  him  >.  1  siiy:  <  Where  trioii  does 
the  iiite^r.-ilion  eome  from  f  >.  Anil  the  answer  always  is  lignin:  «  We  hope  that 
this  year,  or  neat  y«'ar,  o.''  iierhaiis  in  ten  years,  a  brilliant  student  will  listen  to  all 
three  of  iis  and  somehow  join  these  three  ilisoi|Jino  toj^etlier*. 

W.  r.  BUCHELE.  —  For  the  past  two  years  I  have  tnii^clit  the  jtrrndiiiite  eourso, 
soil  dynatuies,  at  .M iidiijran  Slnte  rniversily.  ThLs  ronrse  is  lor  lonslers  deoreo  and 
diH'toral  de-jrec  earididates  uinl  deals  with  lilliiire  oneivy,  the  hehiivior  of  soil  andcr 
the  notion  of  wind,  water,  nn«l  tillage  fori  I’s,  anal  the  inovi  iiiont  ol  vehiidos  on  the 
s«)il.  1  like  to  lh•seribe  the  eoiirso  this  way;  wo  di-nl  with  iiioeeiiieiil  in  or  over  the  soil. 

Dnriiii'  my  ^'rndimte  work,  I  rook  n  .split  imijor  botwoeii  a^rieiiltiiral  en^rinecrinj' 
and  .soil  jdiysir.s.  I  took  a  ninnber  of  eonrst  s  dealinvt  with  soil  )>liysirs,  jdnnt  )iliysiolo;;y 
.ind  liiiii'hiiie  disi^i  whieh  Dr.  I’hillips  sja/ke  alsiut. 

Iiiforfnat'on  from  the  aluive  courses  is  iiitojrrausl  with  f'Diiliinilis  eijiiation,  tlic 
Hekker  eipiations,  anil  ni-w  rese.ireh  inior.iiiat  ion  and  tan.itht  as  a  basic  eonrso  in  an 
eincri;in::  soieace. 

1  also  teach  a  eertiiin  atnoiint  of  .soil  value  infonunlioii  iu  luy  inide)'„’rjMb..,te 
iiiiir.se,  advniiieil  power  aad  nmeliinery.  In  tliis  innnnor,  .some  JO  In  Jo  students  are 
iU'i(uainlod  with  the  knowl<‘iioe  lieiiio  developed  in  tfai.s  lield. 

E.  SAIBEL.  -■  We  are  in  the  midst  riulit  now  of  revising  . . . 

rurriouhim,  uiid  our  endeavimr  is  to  leiise  it  lowani  "realer  ooneriilily.  We  wish 
to  .see  fewer  special  eonrsos  and  more  General,  hasir  work.  In  I'ucl,  wo  are  ^'clliiij'  to 
the  point  now  where  pi aetically  all  of  o'li  undciT^radua le  eni^liieers  will  take  a 
common  tlma*  years,  .\fter  that,  wc  are  not  sure  how  ive’l!  |ii'oeeiil;  wlielher  after 
a  fourth  year  in  a  speciality  a  man  wiil  oc-l  a  Ihudielor’s  J)e.v:rci',  oi’  perhaps -a  I  ter  a 
lourth  and  lifth  years  he  will  oct  a  Master's  lh;.:rot>.  Ihit,  ii)  auy  event,  the  general 
idea  is  to  eive  a  solid  three  or  l«>nr  year.,  of  aialheiieitics,  .siili.st.uitiiil  physics,  s.  b- 
stiuiti.al  cliemisiry;  ;ind  to  do  this  not  In— .nise  it’s  jtointed  liiw/uiis  the  aiiliitantii 0 
industry,  or  because  it's  jMiintisl  towards  ibe  stisd  Indiistry.  or  Iniaiise  it'.s  jinliiled 
Inwuid  any  otlier  iudustry  but  hisau.-i-  at  the  umh  rvradmite  hwel,  nil  tlie  wui  k  slinuld 
ItO  basic. 

My  |Miiiil  is  simply  this:  I  hope  lli.il  this  mretiu"  will  not  lead  nuy  .school  Iowan! 
greater  spceinli/iiliou.  I  would  Iiojk-  that  it  would  lead  ii  lowa:d  le.'S  spiciali/atlou 
and  more  general  iis]ii’c|.s  of  Imsic 


sciriii  e. 


OSSERVAZIONI  CONCLUSIVE  GENERALI 
SUMi^iATION  AND  CLOSING  REMARKS 


Where  do  we  go  from  here? 
Conclusioni  e  previsioni  per  il  futuro 

M.  C.  Ukkkkk  •)  " 


Your  F.Xtt  lit  >\ti(  s,  /,</</ ;i  ■;  ui.il  (hittUnii  n: 

II  is  a  "iv.it  luMior  ainl  |»rivi!i-}:c  to  lx*  aski'd  l»y  iliv  Or'tani/.atioiinl 
(\iniinilttv  ilo  tliliMr  a  clusiu"  .uMioss  to  this  (’oii>;iiss.  I  linvr  .acccpti'il 
il  with  a  nn  at  li<‘sital  ion  I'oi-  (■(•.ii-  tlial  I  iiia\'  tail  to  jiLTlonn  tliis  task 
ill  *5  maimer  .sa'isfactoiy  to  this  amlieiue.  1  lioin-  tliat  your  iii(liil"ciife  ami 
l»atienro  iit.iy  l\olj>  mi-  to  make  tliis  jii  eseiitat  ion  iuleii  still"  ami  useful  to 
all  intiieeriieil. 

It  is  siifc  to  assume  tliat  you  may  exiu'it  I'loin  me  more  timii  a  inei-c 

sitiumatioii  <if  wiiat  has  heeu  sahl  at  tliis  C'oufeieme.  If  this  is  eoireet,  I  shouhl 
like  to  l.ikc  tlie  lilierty  of  "iviii"  you  not  an  alisliaet,  Imt  soiiii"  kiml  of  a 
synthesis  of  our  diseussiuns  aiul  a  eonelusioii  ivoaiiliii"  the  pieseiit  *:  state- 
of-the-art  »  ami  all  answer  to  the  nm-stion  as  to  «  Wheie  do  we  "o  from  lure'.’  ». 

Kor  the  fii’st  time  in  the  history  of  eimiiieeriii",  olf-the  i'oad  loeomotion 
iK-eaiue  the  sole  suhjeet  of  an  iiilernatioiial  tiatheiiii.  This  alone  makes  our 
tJonfereiu-e  tlie  most  oiitsiaiidin;;  «-\eiit  in  its  liehl.  To  look  uimu  it  in  a 

proper  perspeelive,  I  .should  like  to  jto  as  far  haek  as  I'.ITl,  and  render  homage 
In  the  limn  who,  in  my  opinion,  is  a  i>reeur.sor  of  a  fii'st  gmu-ral  approach 
to  the  jiruhh-iii  of  soil-vi-hicle  nlatioiisliip.  I  mu  speaking  of  U.  Hernslcin 
wliOM’  paper  rntitleil;  «  Prohleme  zur  eNj'eriir.enli-lleii  ^lotorpfhigiiicchaiiik  *, 
]>tiblished  in  Volume  10  of  «  l)er  Mulorwagen»  is,  in  my  opinion,  a  elassic 
that  has  survived  jiraetieally  uiu-haiiged  in  its  iiuporlaiirr  all  the  pert urhnt ions 
of  otif  age. 

To  give  you  an  example  of  lleru.stein'.s  iiillueiiee,  let  me  say  that  as  reeently 

as  11(1)0,  V.  S.  ,\geikin  ptihlished  in  the  No.  TJ  issue  ul  tlie  *  .Xvloiimhiltiya 

i  Irm  loi  iiya  iiromyslih-tinost  »,  aii  artiele  oa  soilwliei-l  r'.la'ioiisliip  based  on 
Hernstein's  melhodology.  This  is  not  .surprising  as  IJussi.m  eiigiiieei's  took 
miK-h  interest  in  lleriistein’s  resi-.uvh  since  lloryatehkiu  juihlisheJ  in  10.10 
his  rolleetive  work  entitled  « 'reoriu  i  jiroi.svodstso  selsKohosyainili  iiiashin  >. 


—  !I.J6  — 

The  sisoiul  uun  wlm»4**  name  I  trNh  to  ntninl  at  this  t'onfcmire  is 
K.  NV.  K.  Mirkletinvnit.  As  n  wartime  jidvisor  to  tlie  British  ifiiiistrA*  of  Snppir, 
.Mieklcthwait  pulilislinl  in  15»44,  t!ir(>ii<:li  tin*  British  Jlilitary  College  of 
Scie  nce,  a  .short  trc.iiis<*  ciitithsl :  « Soil  Mis'hanics  in  Relation  to  Fighting 
\'cl;iclcs  ».  TInit  work  laid  down  the  foiuidatioii  for  a  s<iIutioii  of  what  had 
l■cIlla!ncd  tinlonclied  hy  Bernstein,  ;dtlion};li  a  similar,  indep<'ndcnt  work 
ivas  »airicd  on  by  iiiys<*lf  in  t'aiiada  at  the  siinie  lime,  Mieklethwuit,  to  mr 
fs-st  knowledge,  was  fii-st  to  write  an  the  jipjklieution  of  elassieal  priiteiples 
of  soil  iiieclianies  to  loeoniotioii  iir4)hleins,  and  to  c:dl  the  attrition  of  auto- 
molive  ('iigiiu'ci-s  to  w<ii-ks  hy  I’ldCcssor  Karl  Tcrzaglii,  generiilly  iifogiiized 
as  ,iie  I'alln'r  of  soil  iiieeliaiiies. 

Terxaghi,  in  his  lasik  entitled  «  Thcorel ical  Soil  Meehaiiiej  >,  .sts-s  two 
|■!llldanlelltal  prohleiiis  eotieerniiig  the  whole  issue:  The  first,  rclatet]  to  the 
stall-  of  slri'.vscs  that  precede  soil  raihire  tine  to  the  plastic  Ilow,  which  be 
calls  the  Slahililv  I’rohlciii;  ami  the  sccoiui,  ri-Iateil  to  the  si rc.ss-sf rain  rela¬ 
tionship  th:it  exists  after  the  Ilow  t;ikcs  place,  which  he  calls  the  Blnstieity 
I’i-!)hlciii.  If  1  nia\'  ii.se  a  'nclaphor,  1  slnaild  .say  that  Mickh-lhwait  approachisl 
llic  .staliilily  jirohlcin  while  Bciiistciii  attacked  ilic  plasticity  prohlcm.  ThiLs, 
these  two  men  togell'.i-r  jnit  the  corncrstoin-  iiinlcr  the  fonmlalion  of  the 
iiiccliaitie.s  of  land  locoinoti>>;i  in  its  jn-csent  form,  ami  implit-itly  outlined 
a  methodology  fur  ii  .solution  of  tlie  totality  of  pi-ohlems  of  soil-vcluele 
relationship. 

'I'liis  hits  heeii  first  reeognizetl  in  eail\  \M>rk  on  laml  loeoinolion  ineehtinies 
coiiditclcd  during  ;mtl  jilter  lip-  Set-oiid  M'orltl  \V;ir,  umh-r  the  mispiees  of 
the  C'iiiiadian  Ariny,  ('atiailian  Xaliomd  Ri  search  Council  and  inun*  recently, 
tlie  I'liitcd  StJtle.s  Army  t)r<hiam-i>  Coi-ps.  The  hand  las-omotion  I.al'oratoin* 
of  tlie  Ordii.-iiiee  'i’aiik  Antomolive  C'ommanil  was  iiarlietilarly  in.stniini-nt:i1 
ill  estalilishing  hasie  philosojtliy  .-iml  inethoilology  of  the  new  apiiroaeii  to 
tliis  old  prohlcm. 

The  aho\e  apin-oach.  how«’v<-r,  was  not  uiii(pie.  Dtiring  tlie  .sann*  war  \ears 
a  \'ottiig  Doiloi-  of  Mnginei-riiig  and  t)fii\-cr  of  the  Italian  Army,  niinu-d 
I-’ei-f.in-eio  (iaili.-iri  al.so  worketl  on  prolilcin  of  otV-tlie-naid  liK-oinolion.  In  a 
liiiper  enlilled:  «  Ih-slsleiiza  al  imivimciito  dei  vcieoli  a  rnotc  .sn  terreno 
eedi-vole  »  pnhlishiHl  in  the  llMd  Volnnu-  of  AT.V  Itendieonti  th-lhi  II  Riiniione 
Aninitde,  lie  treated  the  pruhit-ni  M'ilhin  tin-  same  mi-llnMlologieal  f|-amework 
as  ih.’it  wliich  guided  tin-  ahove. mentioned  Caii.-idian  anti  L’liited  States 
reseai  eh  woi-k. 

■\Ve  W(-re  lint  .-iw;ire,  in  .\iiu-riea,  of  the  work  hy  tiem-ral  tlarhjin.  When 
i.s  was  hioiight  to  our  attention  hy  .Mi-.  .hums  .1.  .Alm-r.iy,  whom  yon  Inivc 
niel  as  a  Chairinaii  of  hssl  Tlim-.s<lay 's  Session,  wo  felt  thi.s  more  Ilian  u 
mere  i-oin<-ideiu'e.  The  fnc-t  that  people  across  deeadi-s  Ita.'e  I'olloweil.  in  dilVt-n-nt 
coiinU'ie.s,  the  .same  path  to  the  .same  goal  siiggi-stt-d  that  the  time  may  be 


ripe  for  lo«rtln*r.  Crmnil  liurlHiri  Ml  iho  siiiiie  way.  Tliis  is  Iiow 

tin*  i<li“a  of  this  ( 'oiifris'iHf  was  ln»ni.  Thanks  to  llir  sii|»]>oi-t  of  His  .Magiii- 
fici  iicy  Itcf-lor  I’l-ofrssor  CaiMiti,  ihr  (Vf ‘hairiiiaii  of  tlii.s  Coiifcn-iiro,  ami  the 
iiitrirsti'd  faculty  iiiciula-rs  of  ihi-  Insti'titcs  of  Tcehinilofiy  of  Torino  and 
Milano,  of  the  I  nivci-sitii-s  of  ami  |{oiiia,  of  tlw  Servi/.io  To<-nico 

ilclla  .Motori/za/iom-  ili-ll  Ksercito  ftaliaiio,  the  t'liitisl  Stales  .\riuy  Hesearch 
Ofllcr,  aiol  juirth-nlarly  the  laHsmiot ion  lailK»i-atory  of  the  I’.S.  Araiy 

t)r<Iinim'4>  Tank  .Xnloniol ive  <*oiiiiiaaii<l.  tin*  hh-a  l>«H-an>e  a  ri-alily. 

The  ilivt inoiiishisl  nicinhcrs  <ff  ih.-  I >r^ani/at iaoial  (’oniniiltce,  the  National 
Sc4-i-clarii‘s  ol  /ill  the  countries  n  iiis-i^-iitcil  Iwn*,  all  the  .speakers  atnl  ail 
those  who  h;i\e  taken  (lart  in  lhi>  l*«>nfi-rciice  have  done  the  rest.  I  feel  that 
:i  new  era  has  started  iii  this  nn.>j  aneieitl  tiehl  of  inan's  loeuniotion. 

'I'hal  tia'  ( 'oiitei'.ni'o  has  Ik-ch  a  sm-eess  sei-nis  l«)  ln^  no  douht.  l-’ifty-lwo 
|iapers  from  niiu'  i-imiilru's  and  -•'ifi  part ieipatils  in  the  disi-nssimi  s]ieak  for 
themselves.  It  Would  lie  iin[>ossih|,-  ti,  nieiilion  in  this  short  address  all  the 
eoiiij  ilintioiis  made,  a:id  to  altemj't  to  i-valuale  their  sionifieanco. 

In  ;i  ••(IMS  iel ion  tliat  tlu*  < 'oii;'.  r«-im‘  will  liear  npoii  fntnia-  devs-lojinients 
in  oft -tlK'-roail  luconiot ion,  I  would  like  with  yoiir  jiermission,  Ladies  ami 
( oiilleim'it,  !')  d\ieli  only  on  asjnels  of  the  [ires*-!!!  stati'-of-tlie-ait 

which,  in  m,v  mind,  oiler  a  nii-ih<«-lolo;'i«-al  elite  to  the  future,  and  a  hoiM* 
of  a  };eneraliz.at ion  ol  suintions  <.f  tuir  iirolilenis,  within  the  ineehanie.s  of 
.soi!-vehi<de  .systems.  I  shall  hyii.ax  tli,.  areas  which  have  lieen  eillicr  workeil 
out  for  tile  past  JO  .\ejirs  to  I  lie  nitoost  of  their  eapahilities,  which  have  lieeii 
pri'vioiisly  diseiissed  ill  technical  jonriials  and  inaeaziiii's.  or  which  contain 
iiiloriiialion  diflienll  to  assess  latsai-M-  of  hick  of  iinaiil itativc  data. 

I  mentioned  at  the  heoinninj:  of  my  address  that  the  land  loeoinotiun 
nieehaiiies,  as  we  see  it  today  (■rts.-nled  at  this  (.'on tVrenee,  slar'ed  with 
llernstein,  3!ieklethwail  ainl  reizavihi.  That  ooes  hack  niore  than  lialf  of  the 
century.  It  even  pas  fit  it  her  into  ih.-  past  if  we  reeall  tli.il  some  fitiidiincntiil 
priiifiph-s  of  a  solution  ot  soil  in-'-hanies  prohlenis  were  aetiially  pnhiished 
ill  ITTd  hy  t.'oiiloinji  in  Ids  «  Ksvii  -m  nne  applieatioii  des  reoles  <le  niaxiini.s 
ct  niininiis  a  ipiehines  prolili-na  s  d.-  stalii,ne  relatifs  a  rareliiteeliire  >,  or 
hy  llonssim-sii,  in  i in  his  «  .\ppliealion  des  jioteiitials  a  l  ettide  de 
re<|iiilihre...  ete.  ».  Is  thus  otir  m  r;d  appioaeh  to  the  piolJein  divorct'tl 
Ironi  niodi  'n  thi>ii”hi  Is  land  hxomMiion  nieehanies^in  sneh  a  iniinitive  stale 
Ilf  i!e\i  Kip'inenl  that  it  nialies  no  wm’  ol  the  i‘\:slin''  ilusiries  of  idastieily. 
or  of  various  nmclels  ol  \  iseo-el.i^tie  U'liaviur  of  soils.' 

'1  he  answer  is  not  sinipl>’  «yi-»  m-  «  no  >.  Tlie  land  loeoinolion  im'ehajiii*s 
l);'..sed  oil  ( 'on!om^-.^loilr  eriterion  oj  i.iilnre,  and  on  seini-eni j.ji  ieal  delinitions 
of  St less-sl rain  rel.it imiship  that  imvI  oj  sinkap".  as  lejioritd  hv  a  larp'  oemp 
of  )).!pers  diseiissed  here  may  h  •  eoasiilered  priniitive  and  far  from  lieino 
riLTorous.  Itut  there  have  luen  no  oiln-j-  orum-iil  soliilioiis  i-reseiited  at  this 


or  avsiilnhir  rlMnylirri'.  Tliiil  loftor  jxiiiit  lists  i-lciirly  jiiiulo 

in  an  imliiTft  faslitoii  in  tin*  iiapcr  liy  I’l-ol’i'ssor  Driickcr  who  sti-i'sspd  tliiit : 

<  Altluiii^h  till*  ni*t  itf  soil  inccliatiirs  is  old  and  in  many  n'SjH'cts  well 
i'stahlishisl.  llif*  sfiii“i.i‘i‘  of  soil  inffliiiiiit's  is  it‘l:tlivi>ly  recent...  In  soil  Meelianics 
(the  si-ieiiixl.  the  es.si‘ntial  si*t  of  equations  clearly  should  lie  lehitions  hetween 
stn's.s  and  stniin.  KxeepI  for  ehistie  and  simjde  viseo-elnstie  hehavior,  no 
siieh  «s|nations  an*  now  hi  netual  nso ». 

Pnifi*ss<ir  ll:iyllio.»‘iithwaiti*  stressed  the  same  point; 

€  Tn  the  eas«*  «»f  soils,  niiieli  fnndan<ent:il  works  needs  to  he  done  to 
estidilLsh  appropriate  sliesvs-straiii  rehitions,  ami  to  e.xplorc  the  conseiiueiuts  ». 

Thus,  tlieiv  sis-ios  to  In-  little  choice:  While  e.xplorini;  the  fundamentals, 
oin-  nitisl  proeiMsl  with  simple  solutions  of  iiiyeiit  practical  prohlem.s  hy  usini; 
less  il^ixms  inetliotls.  It  stems  to  me  that  the  (’onfereiiee  has  stressed 
the  imjs*rtaius»  of  Ix-.tli  apprmiehes,  and  that  it  has  also  strossetl  a  need  for 
the  sean-h  for  :i  t'ciural  metlxHl  riilher  than  for  a  solution  of  a  spieilie  prohleni. 
That  Ls,  I  Indieve.  :i  "reat  achievement.  hVir,  if  I  mai  ])araj>hrasi>  the  words 
of  one  of  the  foremost  philosophei-s  of  our  eeiitur.v.  Alfred  Xorth  Whiteheail, 

I  Would  s.iy  tlud  the  •'reatesi  iiiM-iitiou  is  tlie  iineiitioii  of  the  method  of 
invention. 

A  won!  of  caul  ion  aitaiinst  extremes,  however,  may  lie  in  order.  One 
should  not  eX|H-et  t»H)  iiMieh  i<raetieiil  uain  from  the  relinements  of  a  rigorous 
seientitie  tn-alment  «>f  land  hMsnnotion  heeause  of  the  statistical  character  of 
soil  ehaii"es.  This  apj>eai-s  to  he  ])art ieiilarly  tnn*  when  much  etVort  is  spent 
on  <umpl'-x  eomimtatioiis  ’.vlii'-h  prodnee  a  result,  let  us  sa.'‘,  witli  rh  o 't 
areurae.x-.  wh.eii  no  pi'vdietahle  variation  of  .soil  that  ma,v  occur  within  om* 
hundred  s<|uare  meteiN  or  one  lumr  may  reatdi  e'luimious  proportions,  and 
lirmlms*  a  HHt error.  On  tin-  other  hand,  einpiiieism  which  ooi.^  as  far 
as  to  (qx'rate  with  ph.ysiealty  uiidelined  quantities  and  ^•uefIieients  tliat  hide 
;ill  the  uiikiiown  of  ilie  inxdilem  lias  been  .shown  to  had  only  to  a  stideiiiate, 
at  lea.st  on  ;i  loii"  r;in.i:i*  basis. 

'I'lie  disi-ussion  lias  thus  sliuwji  that  the  statement  of  the  jnxihlciii,  from 
locomotion  viewpoint,  and  not  iieee.ssarilv  from  soil  nieehaiiies  viewi)oiiit,  i.s 
most  inqMfrtanl.  1  have  alwais  felt  stroii,"i\’  in  tli.it  res|)eet,  ])ai  tieiilarly  when 
phiMiiiiui  the  .si rat e”y.  of.  tile  research  etVort  and  ils  hudoet.  h’or  iiistaiiee,  it 
has  always  appeared  to  me  that  while  a  slud,\-  of  soils  based  on  viseo-elast ie 
iiumIcIs  must  isialinue  for  the  sake  of  the  si’ienlifie  explaii.'.tion  and  for 
the  deliolit  of  tile  ix-.searelier.  iS  practical  valiu'  ma.v  he  sumeulial  ai-adeiiiie 
at  Ihi.s  time,  for  llie  folhiwiii';  reason  :  soils  wliieli  displa.v  much  ohislieits’ 
are  slroin.:  moI.s.  and  i*ose  no  iilohlem  in  uff-tlu'-road  hnomutioii.  Soils  whieli 
are  inedominaiilly  viscous  are  a  prohleni,  hut  \  iseous  I'urees  depend  on  velocity 
of  deformation.  Sine*-,  however.  We  ealii.ot  move  fast  in  a  thick  ^  iseous 
mud  or  clay,  fur  moiioinie  aihl  enniiieeriii;r  re.isoiis,  the  luohli’iii  loses  niueli 
»)f  ils  pr.ieiieal  si<.;Miiieaiiee.  The  eoiillrmation  of  this  truism  I  lone  seen 
in  maiiv  exi>erinient.s. 


Tl)c*  for  ii  I’ontiiiiKMU  of  Imsic  .mikI  ;i|)]irn'(l  rfsoarcli, 

'.f  I  may  hs<*  tlicM'  wonls  in  tin.*  rtmu-xt  of  iiiy  ii-niarks,  ajiix-aiN  to  he  jiarti- 
culariy  ini}H>rtaiit  for  two  |■(•asons:  (irst,  lacan.sc  llic  ilrv rlojnnint  of  land 
liH'oinot ion  nu'diaiiii-s  i>t  a  inw  •lrvi!o|nii<-iif,  ami  lias  not  yet  rslalilisliod  a 
jrojtorally  nv-oj'iiizcd  ami  arrriilri]  si-liool  of  siicli  as  that  rstaltlislicd 

in  ari'mlynainics  ami  (luid  ntisliaiiii-s:  srcoml.  iKcaiiso  most  of  jiivsont  or 
|>ot(*ntial  «siMtril)iitoi-s  to  this  study  an*  jiart-liim*  woikiTs  wlmsc  main  Lntrrcst 
and  profi-Jisioiial  ha<k;:ron|»  can  In*  iiacrd  in  fiilds  other  tlian  the  niechanies 
of  soil-vc'liirle  sysleiii.s,  and  wlic*  naturally  may  "ravilate  to  their  main  lino 
of  ondc'avor  rather  than  to  this  la-laiiM-ly  new  aetieity.  Some*  ])a[)ers  iiri'sc'iitiHl 
here  seem  to  indii-ate  that  trend. 

This  einjdiasizes  a  m-ed  fen*  a  fully  iirofessimial  Ireatment  of  the  eontplex 
]irohh'ms  outlined  h\  tin*  {'onfe-rem-e.  'I'lie  enormil>’  (‘f  inohleins  diseiisscd 
hell*  eannot  Ik*  coped  wiih  on  a  part  tiim*  hasi.s  at  lea.st  helow  a  eortain  hvel, 
if  they  are  jjoint;  to  he  solved.  It  msds  pidiessioiiaN.  An  edmational  activity 
diseus.sed  hy  •Professor  \’im*ent  c*onld  he  most  In  lpfiil  in  that  respect.  It  has 
lirodiieed  eneoiirajiin*'  results  in  the  I’nileil  Slates.  When  teaeliiiio  land  loco- 
nuitioii  ineehaiiies  at  Stc-veiis  Ins  tilute  of  Tec hm)h)"y.  ami  the  I'niver.sity  of 
.Mi(*hi”an,  1  saw  a  oreat  potential  in  the  yoiiiij:  urailiiatcs,  some  of  wlioine 
have  iH'roine  pidinineiit  prol'ession.d  workers  in  the  diseitssed  Helds, 

To  c*mj>hasize  this  eom-liisioii.  ht  me  note  tlmt  the  e.xistiii^  university 
prciorams  of  anloinolive  enoiiieerioo  apjiear  t>)  )>e  .soimwliat  hehiiul  tlie  sjiiril 
of  oiir  time*.  'I'hey  eoidd  possihl\  Ik*  ic-x  italized  hy  llie  introduction  of 
hroad  studies  of  transportation  .systems,  which  would  inelmle  the  nieelianics 
of  soil-vehiele  .systems.  study  of  that  t.\]ie  \Miiilil  make  use  of  all  the 
disei()lines  with  which  tliis  < ’unfcTem-e  has  hren  eoiieeriied.  To  look  uiioii 
a  veiiiclo  fnnn  the  viewpoint  of  i'lasl icily,  ela.sl icily,  dynamic  resiionse  to 
raiitloni  injnit,  slatisiies,  stoehaslie  i>roec‘.sses_  plus  cdl  tlu*  eiiyiiieerino  seieiiees 
that  lu'lji  *0  make  a  veliiele,  would  he  nmloulMed I attrai'tive  even  to  a  student 
who  wants  to  travel  in  Space*,  in  that  jmrlieular  e.ise,  I  Mould  e\cn  visiudi/.e 
a  faseimitin*;  study  of  henar  .'oil  lue-.-h.-inie.*:  co* ice',- tied,  lor  e.saiuple,  with  the 
I’eariiif'  eajiaeity  of  :i  oiauular  mass  placed  in  a  vaeiinm  ami  reduced  i;ravi- 
tational  liehl,  and  e.Nposeel  to  the*  Isnnharelmenl  of  protons.  The  papi*r  hy 
Ur.  ]{yan  on  lunar  soil.s  eerlainly  su«j>.;esls  tla*  vaslmss  of  such  a  pre.oK'ia, 
ami  the  ehalli'ii^i*  wliieli  anymu*  e*an  ineel  wilhoul  tlic*  need  for  the  astro¬ 
nomical  amount  of  money  whieh  olhi-r  jdmses  of  space  e.sploration  eh'inaml. 

A  truly  jinifessi'iiial  approm-h  to  the  ineclmiiies  of  soil-Ncliiele  .systems 
necessitates  a  close  eoopeiatioii  within  the  same  mel I'.odoloi'.x'  of  all  those 
iiUeiS'sted.  This  imidies  .-i  need  for  e-oiuiiieiii  laieenaee  .such  ns  basic  definitions, 
symhols,  etc.  The  (.'oiifcreiiei*  has  shown,  in  aiy  opiiiii'M,  llial  in  this  area 
niueh  is  to  Iv  accompli.slieel. 

To  illustrate*  further  ihat  point,  1  would  not  only  .-iieuest  that  we  atjeaipt 
an  international  stamlardi/alion  of  Jeriiiinolo^'y,  hut  also  the  esiahl islimeiil 
of  a  eoniim.ui  intellectual  heritage  hy  the  imist  eaieful  ami  ohjrctive  relereiieing 


of  !ill  fill’  i»iiin-is,  |»iililiciitu»i»s  jiiul  incscnl.iliiuis.  A  lu-til  for  this  is  scon  in 
Conference  pniu'is,  which  use' dilVerent  sviiiImiIs  .uiil  tiutin  nelalmv.  As  an 
*'Xiiinple,  one  of  the  papers  eapliotis  a  panijriaph  witli  a  snl)-title  wliich 
proposes  a  iu>\'el  «  plasth'ity  ihcory  ».  At  llie  cinl  of  the  para<;rap)i,  however, 
one  fiiuls  an  eipialion  wlii<‘!i  wlien  pi'opei  ly  c  t  ranslateil  »  is  nothing  else 
hut  a  sjHcilic  eas<‘  «>r  Ueiiislein's  equation  pnl)lislnil  in  The  ln<-k  of 

proper  references  makes  it  inipossil)Ie  to  asM'inlile  a  lasly  of  knowlislge  for 
professional  list-,  aiul  tends  to  forestall  any  pinfessioiial  e(M>peration,  without 
wliicli  then-  can  he  little  progress. 

A  iiiniiher  of  ideas  pertaining  to  in  w  vehii-le  designs  have  l>eej»  proposrsl 
at  this  ( ’onfeieiiec.  1  think  there  were  gmal  iileas.  What  striiek  me,  however, 
was  till'  filet  tliiit  some  of  them  were  r.ither  old.  Meing  goisl,  wliy  have  tliey 
not  heeii  aei-epted  for  so  m;iny  vein's.' 

It  would  iijineitr  tliiit  thi'  ijnestioii  imiy  Is-  answered  in  a  geiieiid  wiiy, 
iiiid  not  only  with  refereni-e  to  the  iiivenliuns  diseii.ssed  . iit  this  Coiilereiicc. 
In  iiind  liicomot ion.  iis  in  many  other  iields.  there  iice  no  jniiiiicea :  I'lvery 
vehiele  is  goiHl  in  one  .soil,  iind  hiid  or  inediiH-r.'  in  iinolher.  tn  onlor  to  find 
de  hidanee  hetween  the  had  iiiid  the  good,  we  iiuisl  specify  the  eiivirotimont 
iiiid  the  frei|neiKy  with  whiili  piirtieiiliir  sitiiiilioiis  o'eiir.  In  other  words, 

wo  nuisl  go  into  operittioind  stiidie  in  iiddilioii  to  ihr  eiigiiioering  stitdios.  That 
is  where  most  eiigitieers  fidl.  A  good  idrii  worked  onl  and  pfeseitled  without 

ii It  apj I ropriii 1 1*  itiiiil.vsi.s  ot  the  whole  soil*vehirlc  sysleitt  eiiitnol  he  possibly 

judged.  It  will  live  orphitiieil  for  yeiiis  willnuil  heing  eitlier  di.sqtiaiified, 

of  adopted. 

A  good  eXiiiiiplo  of  thitt  point  mas  Ik*  seen  in  the  developmeitt  ot  the 
so-cidled  iil't ietiliited  Veltieles;  i.e.,  \eliivles  eoiHjiosed  of  it  nittnlM-r  ot  itiiits 
hooked  togetlier  in  iieeordiUtee  uith  svliat  i  e;:l!  tlie  «  Tiiiin  (.oiiecpl*.  The 
lirst  piiteiii  ill  this  field  wiis  taken  in  Kngkmil  in  liM7,  b.v  P’.ploek.  Here  in 
Hilly.  I’nvesi  prodiieed  a  remiirkiihle  \ehiele  of  the  same  type  in  the  iiinefeeii 
twenties.  Hut  the  lejil  interest  in  these  vehiiles  at  le:isl  in  the  I  iiitcd  Sliitc.s 

iiinl  Ciuiada,  Wits  not  provoked  inilil  Hl-'Ai-ilTit;,  when  very  comprehensive 

siiiilies  of  tile  whole  prohlein  were  made  iiinl  published  :  I'liese  sttidie.s  Imvc 
origiiiiited,  so  to  speitk,  llii'  development  ot  \i’liieh*-s  ile.seiihed  in  ^Ii.  Ihoin.sons 
iiinl  in  one  of  Mr.  .Nnllairs  p;ipcrs. 

This  eonvineed  me  agiiin  lliiit  many  goinl  ideiis  puseiiled  at  this  Confe- 
rniee  coiild  be  ea.sily  .sold  if  Imeked  by  U.lli  engineering  iiiid  operalional 
iiiialy.ses,  Tlint  iilone  Wiiriiinls  fnribei  develeinmnl  of  smii  imal.vse.s.  Here, 
biiwever,  eomes  a  word  of  eiintioii.  I  lie  iinid.vses  must  bidoiig  to  it  reeogni/cd 
methodologieiil  selmol  of  thonglit.  Tli'.v  uiight  to  be  gmierai!,.  .u-eepled  wilbin 
Hie  friiiiiework  of  apj>lie.l  nieelianies  and  opeiiil i-ms  leseereh  for,  if  one  starts 
to  prove  that  bis  veliiele  is  belter  than  somroiie  elses  beeause  bis  «  index » 
is  liiglier  tliiiii  that  ot"  the  I'lcnpel itor,  tlu-n  the  iirguineiil  ^\ilI  .switch  to  what 
the  «  index  »  iiieaiis,  mid  no'  'u  wliiit  the  vehiele  doe.s. 

It  would  aiiiui!.',  Ihe.i,  tliiit  it  is  in  the  imeiei.t  of  everyone  eoneerned 


lo  wdi'k  on  a  (‘oniiiioiily  !i‘i-o;:iii/.«-il  i,c“..  within  tin*  (■onloxt  of  a 

(IcHnilc  ])liysic(>-m'Oiii('l lical  systt-ni  of  vainrs,  iiii‘iisni‘i‘s  and  dofiiiitiiiiiH.  All 
tlio  .itti'inpls  to  «-oni-latr  jnntly  iinitiiical^  dinicnsioiially  iii>ns|><'i>iKf«l  indices 
with  ]it'lonnani*o  and  d('si*;n  of  v«'hi«-fi's  liavr  not  lu-ljM-d  anyone,  ns  fair 

as  1  kin;w. 

Inti'i'iiat  ioiiat  ^atlicrinjiH  are  not  •iici-ssarily  a  fonnn  for  «lisplay  i»f  unaiii- 
luily  and  eoiisriti.  This  fonferein-e,  however.  Is  an  exis-ption  at  least  f*s>»!» 
one  viewpoint.  It  seems  to  nie  that  we  all  have  heen  eoiKTriiisl  with  the  same 
tiling,  namely  with  tlie  predii-tions  of  an  optinuiin  of  vehiele  iMTforinam'e 
aiiil  desif'ii.  I  liis  can  lx*  .seen  in  iheoretieal  papeiN.  siiwe  the  ultimate  of  the 
tlieory  is  its  appliealiility  to  predieiion;  in  papers  deserihiii"  ex|M-rimental 
Work,  since  exjieiiment  is  the  only  means  to  verify  or  nd'ute  n  theory;  in 
disseitalions  on  iiuasnriiijx  teelmiipies  and  inslnimentatioii.  .ns  measurements 
are  an  essential  part  of  the  experiment. 

I'.ven  those  who  liresellled  liew  Veliieje  i!esi;;ns,  Ullilouhteilly,  wetit  throUi'h 
some  )>roeess  ii|  jireiliet ion  to  re;issnre  thems«'lv«‘.s  in  the  validitv  of  their 
eoiiei'pts. 

I’i'eil iet ions  wliieli  1  have  in  ntind  ar<‘  en"ineerin;r  predieiion.  They  are 
based  on  plansilile  r.ssmnptions,  physically  delined  immlx-i's,  matheniiitieal 
eipiatioiis  and  ealeiilations.  Tliis  proees.sof  pri'dietion  meihodolofjieally  is  simple; 
hirst,  we  lake  values  wliieli  matter.  Those  an*  meters,  feet,  volt.s.  ami>ers, 
eciitioriules.  calories,  toimies,  iinnnenl.s,  ;i(id  what  nol ;  second,  we  <*onstpuo 
formulae  whieli  expre.ss  ftiiietional  lelationshii*  hets.eeii  tlies<>  ipiantities;  and 
third,  we  feeil  ilio  altove  availalile  values  in  our  etpialioiis,  and  hy  solving 
them  find  the  desired  answer,  i.e.,  the  prediction  of  wlint  will  liap]H'n  llinler 
tin'  nssmneil  coinlit ion.s. 

That  nielliod  lias  reached  a  faiilaslie  aeenraey  since  one  tixlay  can  hit 
the  moon  willi  a  rocket  at  llie  di.slaiiee  of  .some  .'loO.fKX)  kilometers. 

Aelnally,  we  lU'cd  not  go  that  far.  Here  on  the  raiih,  in  aeroiiantieal 
ingineerino,  for  instaiiee,  we  have  all  the  im-asnvements  sind  ecpmtions  l>cr- 
taining  to  the  air  and  the  i>lane.  In  mival  anhiteetiire,  there  is  all  that  is 
needed  to  known  about  water  ami  the  ocean  in  i>i\le)-  to  build  and  nnxigate 
a  sliip.  Tliere  are  lorimilae  eom)»osed  of  visrosilies  densities.  temiH-ratiires, 
gradients;  vrlnrity  distrilmtioiis  of  streams,  enrrent.s  and  gusts;  there  are  loads, 
power.s,  aspect  ratios,  stresses  ami  strains.  Thrre  are  available  values  })ei’taining 
not  only  to  air  and  .sea  vehicles,  'ont  also  to  the  environment  in  whieli 
I'.ie.v  I'perate. 

Now,  can  I  ask  how  many  pliysieaily  «lefined  \aliie.s  »lo  we  nieasuiv  on 
llie  ground?  Is  it  not  true  that  tlw  eon.-'isteney  of  tin*  gromul  ami  it.s  liiad 
luariiig  eaparity  aii-  more  ea|>rieions  and  mi]>redielal>le  Ix-raiise  of  eMmatt 
and  geogra|diy  ibaii  those  of  tiie  air  ami  w;iti'r;  would  it  ho  not  logi.-ai 
llien  lo  expei't  llnit  beeaiise  of  that  eomple.xity,  wi*  mu.st  meamiiv  more  things 
on  the  ground  tlian  we  measure  in  the  atmosiilnre  and  on  tlic  -se.ns? 

'I’he  pniadox  is  that  for  more  tlian  a  decade  we  have  debali**?  what  to 


inoiis'llii'.  .Mini  as  a  irt  tht  Mt  wnt-nirt-  inn/lhiiig  at  all.  AVlion  Irving 

to  design  efTieii'iit  sysivnis,  we  ean  j»re(liet  tlic*  Ix-liavior  of  every 

nut  iiihl  !>olt  in  the  Vwta'le,  bitl  we  eiinnot  i»r<diet  tlie  Is'liaviur  of  tin-  wliole 
veliiele  in  tlie  soil.  Of  e«Mirs«-,  witlioiit  measnriiig  soil,  <ine  eaniiot  caleiilate; 
without  <-aleiitation,  one  eaiinot  pmln't.  This.  Fjiiilies  and  (MOilleiiu-ri,  is  in 
iny  opinion,  ihc  siinnhling  IdiM-k  which  iinist  l)e  iciiioicd  hcfuii'  our  making 
aisy  geneml  j>rtign-s.s  whatsoever. 

Tins  (’oiifi-n-iiis*,  1  Indieve,  has  dtunonsl rated  lliat  ratinnal  luctluxls  of 
engineering  pisslli-tiiin  Ii;is4'i|  on  .-^nl  ineasineineiils  ean  li(‘  <le\ elii(>i-«l.  It  is 
now  up  to  till'  rank  atul  file  «»!'  engineers  and  res*';irrh  workers  idtlier  to  a<loi>t 
soinetliiiig  wliiel;  was  pn-M'iited  at  this  Confereiu-e  or  niodii\'  it,  or  create 
something  lu-w.  Itut  this  we  niiist  do,  :iitd  »h>  it  with  tlie  liigliost  priority. 
l•'or  tliero  is  no  i<>  «levelop  (s|iiations  if  one  is  not  going  to  have  the  soil 
data  which  liave  to  Ik-  f<‘d  int<i  lh('  I'orinnliie  to  make  them  praetieally 
meaningful.  Should  we  fail  to  do  so,  it  limy  lake  twenty  ye.-irs  nr  more  to 
test  all  new  vidi'.eh-  eoiieepts,  in  al!  possible  snil-elimale  eoiiditions  in  order 
to  arrive  at  an  optinunn  solution  whieli  we  are  larking  todav. 

The  tart  that  tlic  presently  tisisl  jiniress  of  «tiial  and  irrnr»  did  not 
prisluee  optimum  solutions  even  after  -iO  years  of  testing  agrieulliiral  iraelors, 
for  instanee,  is  seen  in  the  eilitorial  pnhlislied  in  the  17  l•'rl)l•ual•y  KMil  issue 
o^'  the  «  I'iiigineer  «.  .\t  the  Tenth  IJritish  .National  I’ower  h'aiining  (.’onferriice. 
the  farmer; 

c  l.'ontendi'd  as  pli  ginalieally  as  lie  can  with  tlie  wliiiiis  ami  faneies  of 
Xatmv...  Xaliiro  has  suei-essfiilly .  kept  nearly  all  iinieliiin  ry  out  ot.  I'u-lds, 
Indeed,  it  was  suggesiml  ilnring  one  of  the  dlseiissloiis  at  the  (,'ou  fern  ice 
that  perha|>s  llovererafi  eonhl  Ih'  adopted  to  get  iiiipleiiienl  to  wo“k  wlierc 
traetors  hogged  down.  Oiir  inipn-s-.ion  was  that  altliongl;  the  Suggestion  was 
me.-int  to  he  humorous,  there  was  in  tlie  mind  of  the  sjieakrr  a  wiMlfnl  liope 
that  the  day  will  ♦■oine  when  his  maeliiiier.v  would  not  hog  down  >. 

In  iiiy  luimhie  opinion,  that  day  will  not  eonie  until  we  start  measuring 
.slatislieally  soil  properties  and  their  >duinges  iliie  to  elimale,  iind  to  design 
vehieles  to  ]ierforiii  the  .joh  uioler  the  assumed  eoiiditions  with  tlu'  desired 
degree  of  prohahilit.v  of  sueeess.  oj-  witli  Ih.il  ))i ohahilil.v  for  wliieh  wo  are 
remly  to  pay.  The  present  deteririnistie  iijijiro.irh  to  loeoinotion  values,  stivs-.ed 
iu  nian.v  Coiifereuee  papei-s  oaniiot.  in  my  opinion,  jirodiiee  prartieal  losults, 
heeause  the  soil  iiia.v  ^•hallge  its  valiirs  on  the  saiiie  Ihdd  hy  100  within 
a  slniill  area  and  a  short  lime.  Thus,  fine  eaiiiiol  look  for  lilting  a  slraiglil 
line  hetween  .eatlerefl  points,  hut  has  to  «  average  s  soil  jiaraiiu'iers  in  the 
same  iininiier  in  whieli  the  vehiele  itself  will  «avi'iMge»  its  perforiiianee.  thdy 
in  strioll.v  eontrollefl  lahorator.v  eoiiditions  is  a  salisfai'loiw"  point-lo  jHiint 
correlation  possilile  iH-tween  soil  anil  veliiele  ilata,  'I’lial.  I  U  lie\e,  has  heeii 
floiiioiist rated  hs'  a  iiumiH-r  of  papers. 

To  inensiire  prohahi!it>es  of  siiei-ess  and  t'.ieir  eost.  in  a  eoiiiprtiti\e  wa.v, 
oveiy  traetor  and  off-the-road  eipiiiimeiit  m.inufaetiirer  will,  luolmilitediy,'  u><e 
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s«»n  rni‘:isim‘nn-iils  and  s«>il  imM-li:ini«'s  lalMtratorii's  p(iiii]>|>od  >vitli  sdil  hiiis  in 
iIh*  >nnu'  ni:iiiiH-r  lit  wliu-li  :iii'|ilaii«‘  iiiiiMu!‘:u-t>ui'i-s  uso  jK'nMlynimii(!  l:i1>o- 
nit»>rit‘s  with  wiii*I  liiiiin'ls  and  willi  all  aliiuisplii'i'i''  iiuMsurciiU'iilH. 

It  S4*»'UIH  lit  iiM“  this  ( 'niil’4'ivin‘<‘  lias  lint  only  shi)\vn  a  ni<-cs.sity  for 

this  IvjM'  of  ai»|»n»a«‘h,  but  also  il  has  i>r(ivi-n  that  this  aiipidacli  is  riitin-lr 

fcasiblt*  and  uiiM|iM*ly  stirfi'ssi ul  It  is  iiiy  bt'lii‘1  that  tlit*  (  onliTi  iifi"  lias 

ili'iiiiuislrattsl  tli«‘  followiii};; 

It  I’lm-  «-iii|»irirs  has  i-ndi'd  its  iisi  fiilni's.s. 

2t  Tlns»n-t i<-a1.  although  not  ijiiiti'  lifioroiis  solutions,  an-  iiossilile  wlii-n 
starting  willi  ns-i>»iii7.od  dotinilioii  of  a)i|ilio<1  nu'chaiiir.s. 

-'>)  All  tin-  -stilutioiis  arc  slat ls| i<-,'il  in  iiatnri',  aiul  iiiust  bo  optiMiiy-i'd 
ill  ail  o]H‘i‘alionat  analysis. 

4)  Ib-iKT.  now  vcliii-lo  ilrsi'ins  immiuiI  In-  fully  ovahiatod  and  vcliiilo 
|K-r  for  Ilia  IKS*  raiiiiot  Ik*  wialioiil  ]iiim-  (.Kfiniiioii  of  tin-  ioiiain, 

v.\j»nssts|  ill  trriiis  of  physi«*o-;r»onii  t rical  inopi  it ios  of  soil  and  its  surfaci*. 

1  pniposi*  thi-si*  isi.'icliisions  for  vtiiir  ^•onsid^ral ion.  I.adii's  and  ( lontli  nn  ii, 
as  far  as  hiiinaii  frailily  will  ]i<*riiiit,  to  spook  without  incjudico.  I  think 
1  am  in  a  iiosition  to  do  so,  and  wbcn  1  sii,\'  this,  1  sa,s'  it  not  onl.v  for 
niys»lf.  but  for  a  sizeable  ttroiip  of  J•e.s^■a^(ll  woi’kers  in  the  I'nited  States 
and  abivad  with  wboiii  1  have  been  vi*r,v  l•ll)sl'l,\•  asswiated. 

If  I  iiia,\‘  i*lal>oratL*  and  attemjit  to  answer  tin*  (juostion  as  to  wlu  it  do 
we  a**  spe«'ilieall,\'  from  here,  I  would  like  to  show  you  a  iiietuio  whieli 
itlu'irales  some  sort  of  ;i  s,vnlhesis  of  in,v  thouulr  *. 

We  all  ajim*  that  in  order  to  meet  the  ehalhnjje  in  olV  llie-road  loen- 
nnuion,  vre  must  ijridiet.  I’redh-tions  have  to  he  made  within  inf^uieeriii}; 
nueh.nnies,  and  have  to  be  verified  exjieiiinriitall.v  in  the  lahoiatoiw  and  in 
the  field.  To  this  ^•^ld.  we  must  ealeulate.  One  eaniiot  ealeulato  without 
nieesui'ino.  Sinee  we  are  !nter«*ste<l  in  a  soilu  hirle  s,^'stem,  we  luust  iiioasure 
l><»fb  soils  and  vehieh  values.  llow<*\  er,  onl.v  vehiele  vahn  s  ina.v  ht*  deter- 
iiiinistie;  soil  values  are  stu.tisiieal.  therefore,  all  our  predietioiis  will  be 
lor.i -.•rind  with  ebanee  and  opeialii'us  ii'siarili.  Soil  measureniriils  and  tlieir 
sta'istieal  ehaiifn-s,  as  welt  as  anal.vses  of  velii<'!e  eiuuepts,  will  express  onl\' 
;i  pn'h.ibility  of  aebieviii};  siieeess  in  the  "iven  eiivironiiient,  hilt  that  ts  ver.v 
simiitieaiit.  It  als..  is,  in  m\'  opinion,  tlu'  miniiiiuiu  whieh  one  must  tr.\’  to 
;itSaiii.  The  ov.'ieoiiie  of  our  alt<*mpls  nia.v  neeunie  the  Shalcrspeaieail  «  to  lx' 
or  n*>l  to  be  »,  ill  Ibis  eoiiipelitive  wuhl.  This  is  where  we  j;o  irom  here  as 
I  S4S'  it,  ill  tin*  lijrbt  of  tin*  del iherat ions  Iw'  this  tVinfereiio*. 

Witbiii  Mieli  all  ;i|>i>ro;u-li,  there  is  an  ample  need  and  opport iinit.v  tor 
an  international  eoojH'ratioii.  It  is  in,v  hope  tliat  we  will  meet  ayaiii. 
ih.e  next  meetinir,  we  .■•boiihl  be  able,  1  am  sure,  to  diseii--''.  maii.v  more  results 
ariivi'd  at  witliin  a  lUfiiiite  sebool  of  llioiiuhl.  To  estahlish  .*  i  a  sehool 
should  be  our  ^oal,  if  you  aoree.  Lntil  the  .'s  'eoud  Interm  .  mil  (  onte- 
reiin*.  then! 
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Bvfiirt-  Ift  UK-  sjiy  n  ft'w  woids  of  iij>])i(i-ialU)U  a(Uliv.'v.s<-<l  to 

larsis.  I  ilo  iiot-  liavi*  any  inaiulatf  to  sja^ak  for  anyonr;  I  aio  sun', 
l)|jw<*vi*r.  iliiit  I  f.\jiri-s_i  till-  lliouolits  <(!’  all  of  us  gatlicri'd  liciv  and  jsirti- 
cnlai'ly  <*f  tin-  Ainoricaii  groiiji,  whni  cinivrying  sincfi-o  tliaiiks  to  our  Italian 
fi'iciids  fur  till'  inaguilii'*‘ii1  oigani/alioii  of  tin-  |•'il■st  liitrruational  (, onffivncr 
OH  tl'.i’  yii-t  liaiiir.s  (>f  Sj»il- Vt-liicic  Systinns. 

tlmzi.-  ai  luisiri  aiiii<-i  italiiirir  [>cr  la  nlao^^^ti^•^^  o»gauiz/axio»»v‘  »U  tjucsto 
I’rinio  t'nfivtgno  liiii-rioi/.iiiiialc  «lol  Movinn’iito  !■  iiori  Strada. 

la  t  lii"-  also  <'S|>ri  '-s  iii_\  |irrM)iial  l4'i  liiHts  wliii'li,  1  lii’lii'vr  aro  llii'  scntiin«-iits 
of  all  of  tin-  ti'cliiio>  \v liicli  ifllii'l  oiir  dii-p  iigfiis  llial  (IiiiiTal  tiarlwri 
will*  ill  d  liiaisclf  to  lliis  ( ■oiifi  ii  iic  i'  was  iiiialili-  to  alti  iid.  Our  pniyi  rs 
and  Iv'sl  ul>l|i-.s  for  li’is  sprcdy  riioM'iy  arr  i'Slriidisl  to  liiin  idong  Mith 
liiai.ks  for  all  liiat  la'  lias  doin-  to  a.-.>’aia  tlir  sih’ccss  ol  tlli.s  t  olllaiviin.'. 
Tliaiik  yoM. 


U.  A,  W kiss'; 


First  of  all,  -Mr.  fliainn.n.'  I  want  to  cxiuiss  on  liilialf  uf  my  frllow 
rvpivsii.utivvs  of  the  I’nilrd  Stat«s  Army  and  mysrlf  our  apprrriati.m  to 
Ciiuiid  *;:irhari  and  Hretor,  Prof.-  i’aVrtti  and  llmir  cuminitlros  work  in 
making  jitssiblv  this  ojii.ortunity  to  imrl  togrthcr  to  disiiiss  prohloiiis  of 
mutual  i'.:- A-st.  and  to  m-o  this  hoatitifnl  sn  tion  of  Italy,  The  list  ol  groups 
aiiil  iiau. iduals  to  whom  our  thanks  arr  duo  is  iiulonl  a  long  ono,  tor  a 
nii-otiiig  *'f  this  magnitudo  roiitiiros  a  groat  doal  of  oooporat i\ o  ol'turl.  tfur 
a l’pri.s'i,_'a ,n  goos  t\»  ilii’  ttiuioral  Insjiootoi’ato  lor  Itlutoi  i/,al  ion,  aii\l 
Ikidinii'a i  Si  i'virc  of  Motori/alion  ot  tho  Itarnin  Army;  to  tho  1  olitoyiiiru  ill 
Torino,  v.,-  Natimia!  I  :.ity  (Vnlounial  t’ummiltoo,  l■’l.\T.  tin- ,K''g''ouol  Admi- 
iii':  :ali-'j,  and  to  tlo-  many  olhor  groups  liolpiiig  witli  this  roiil'oivtioo.  1  tliiiik 
vou  ail  iiiii  loi’^  loo,  ill  a  >s|n'oial  woiil  ol  thanks  to  tho  initiiing  idioits  of 
fo'oin  l  T,ija.ni  and  to  tlio  capahlo  it  anslalors.  ])roji  ot  ioiiisls,  soorotiu  inl  assis¬ 
tants,  ilio  malty  oiliors  hi-hiud  tho  sooius  who  niado  otir  mootings  iiion* 
iiM'fid  a:.d  our  slay  moro  jdia.'-aiit. 

As  1  r»  vii  w  in  luy  niind  tiu'  ri’sults  ot  tliis  lirst  l•onll'roIl'■o  on  tho  nuoliaiiios 
Ilf  thf  -..::--..  hirlo  svsii  iiis.  1  fori  that  lh>  to  Imvo  hi  on  somo  and  major 
Milisiaii'.-..’  aiioiiiiilixi.iiiuiits  liofo.  M'on  nuoo,  Imwi'Vi-r,  1  tool  that  tho 
miifi  n-.s-  h.is  uiidiT'-i  on  d  iioods  and  fntiin-  goals.  Ono  m'iisos  an  almo>iiiiotv 


•,  I'-,:.  :o..l  I>i|.'.;..r  Olli.'.-.  of  tin-  lUi.-f  of  IJf'.aoU  A.  t  liV.'I.nar,.  iil .  .\rniy 

iti'-raii-ii  •  a-ri.  Ilni.l  |).'|mi<  ln■'!ll  of  ;>-liiiign'ii  g.').  U.l'’. 
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of  im  (ijii'iition,  of  J)( ^VIlil(•  ;t  jinat  of  vi-i-y  \x<iik 

liiis  Ihm'ii  clone,  as  ri'iMcitcsl  upon  in  tlii'sc*  sessiniis.  vastly  nioiv  still  rvinains 
to  Ik‘  areoiiiplislics). 

Ia‘1  ine  iiii'iit ion  lirietl.v  wliat  I  feel  are  tlic-  priiii-ijilc'  broad  iiissls  or 
prolili'iii  areas  in  lain!  JcHoiiiotion  reseaivh.  Tliesc-  ns|uin-ini"nls,  as  yc*ii  will 
luiliee,  are  elosi-l.v  eori'i-latisl.  I•'irst  (»f  all,  tlien-  is  a  iic'ed  for  nss»}rtiilioii 
I  bat  tbe  stinl.x'  of  soif-\  i  Iiiele  systems  is  an  iiili-srateil  field  of  tluscretieal 
aiiil  |)i'aelieal  leseareli.  as  so  well  pointed  ont  b.v  l)r.  Ib-kker.  As  the  unit.V 
aihl  sliitiificaiiee  of  this  tielil  oaiti  in  ai-eeplaiiee,  w«-  can  lioja-  for  tlu'  csirres- 
jMimliii;;  ”rowili  of  infen-si  on  the  iiarl  of  the  srii-titifie  csnniunnitx'.  Only  b.v 
iiiobili/.iii"  sin  li  iiili-K  st  can  lln  re  develo|>  a  siinh  ieni ly  lar^e  and  stable  corps 
of  seieiitists  and  i  ii;^ iiieers  devoted  to  tin-  solution  of  latid  iiKsimoiioii  pnddems. 

A  seeoinl  need  or  i*-^inirenienl  is  for  better  nsnonitior.  on  all  siilcs  of 
the  full  inav'iiitude  of  tin-  prohleiii  wbieh  we  arc-  #s>nsiilerin!i.  As  the  papers 
jirc'sented  here-  so  c  learly  illiisiiate,  the  basic  (picsiiiin  of  bow  liest  to  move  by 
Vehicle  in  ofl-road  sitnaticciis  has  loan.v  varic-d  aspcels.  These  nnist  be  tied 
tooetliei-  ill  a  hrci.icl  cotic-.-piiial  fr.nnewoik  whicli  can  s.'r\e  to  nnifv  the  spoein- 
li/.ed  work  cef,  Air  c  xaiiijdc-.  the-  soil  c-noineer,  the  tin-  clesiotic-r.  tin-  clitin  nsioiial 
anal.v.st,  ainl  the,  jiirrien’iinal  expert.  I’c-rlc.ips  it  is  not  in'et-ssary  that  this 
eoiieejitunl  fraiiic-wcji'k  ccr  ocaiid  drsi<>ii  In-  spceifieally  siatcsl.  It  must,  howevc-r, 
be  at  least  taeillv-  ac;rc-c  d  lijcon  as  the  outline  into  whi.-h  the  pic-tss  of  ibe 
jniz/le  fit. 

A  third  need.  1  fec-1,  is  for  biaint.iininfj:  Ji  variety  of  api.-rctaehi's  titward 
the  soliuioii  of  jrround  loohilii  v  piobleins.  Voiir  livc-lv  divens-sioiis.  hc-rx*  are 
strcxno  cviciciiee  tli.'it  there-  ma.v  he'  ni;in.v  difiVic  nt  ways  to  hiiiidh'  these 
((Hc-slions.  ainl  c-c-rlaiiil.v  the-  real,  prtiet ie-al  prohieiiis  cef  lc«siiiO'tion.  wiiile  like 
in  vreiius,  ilillVr  ore.-itly  in  spcc-ific-s.  l-’or  the  tiiiu-  U-inu-,  at  )<  .-ist.  niatiy  .iveinies 
of  resviileli  neicl  tej  he  i  xploic-d.  This  v.iriel.v  of  a;i'>ro;ic-li  Ls  not  iiusinsistent 
with  till’  uiiily  of  the  lielel  w)iic-li  I  have-  .dn-.-id.'.'  slnsMsl. 

l-'inall.v.  as  a  eorollary  to  tin-  third  rc'c|iiiri-iiu-nl.  ihi-re  is  a  ms-d  for  on-atl.v 
improved  iiiti-reh.-inoe  of  hlcas  ai.-ionir  those  i>f  \iiii.  baili  lliisiretH-i:'.i!:;  and 
exiiorinientalists.  workin-,'  in  tin-  eross  c-cnintrv  move  uec-nt  ficM.  Only  w  Jien  ideas 
iire  froel.v  ami  frankly  c->;»-)ianood  e-an  tlio  Ix’-^t  iil-as  Is-  earrii-d  out  further, 
and  the  sterile  a()i>ro;u-!ic-s  .'ihandoiicil.  1>  is,  of  (-onrsc-.  Ooiiee'riinl  awat'  :-e.ss  of 
llie  m-i  j  ti)  mix  idi-as  whieb  motivaled  tlu-  originators  I'f  this  tii-st  internaii.inat 
c-'infen-m-e  on  tlu>  niei-lutid<-s  of  soil-vehicle  .si'sti’nis.  Vein  will.  I  am  omifielent, 
merit  this  iipi'ortnnit.v  tlu-y  leave  >;ivi'n  .'em  h.v  ninlurii:-:  c-aii  fnll.v  the  new 
e'onte.els  maele  in  these  four  liu.s.v  days.  ^Vithont  seekim:  to  eh-privo  tteiieral 
t.Iarbtiii  ami  HeetcJi'  C’apetti  and  ilieir  ( 'oinniittees  of  the-  full  ereslit  'vhie-h  they 
alone  deserve.  Mr.  ( 'liairm:iii.  I  assure  'em  that  the  I’nitc-d  Slates  Army  is 
pleased  Id  have  l>ee  ii  assoeialiel  with  the-  sponsorship  of  this  'irnsl  worthwhile 
eeiti  fereilee. 


:sa  ai  .  se-.s  .: 


s  •.  -s-.r.  .-I 


C  O  -  C  L  U  S  I  O  ^  K 

.1^  It  rminr  tit  i  hiinri^  ttfi  tiiii  i  tiiiri  mili  Jtiiiim/  l  ilt  riil't  ritiiinirt iniiti)  t  he 

i  luiild/li  I  fir  si  so', III  sliiltilili  in  mi  iisiinif  ilrl  iinstuh  ('tinviijiin  jm  ;iti 
si  iituiiili  t  il  i  lii  iiiri  rht  si  iltU'iti-iiiiiiiinin  iit  i  rm  i  1‘iiisi^  ^•t»l|lll\o 

iiiiiiilt  inili  I  sri/iijijiii/i.mii  lii  iii  vislii  th  iriii-iiniiiz:ii:i>iiif  ill  im  fiiliiro  .'^u  '/iitl'i 
Ciiiiri  ijiiii  /  nil  I'liiiziiiitufr  ‘It  I  Mui'iiin  iihi  fimi'i  shiitlri. 

lhi)iii  rune  ^ii\i/iitsfr,  <  i  si  t  Intriifi  tl'm  i  tinl'i  iH  il.i'r  iiiniiiliilii  ni  sciin  hii’i 

iiiizi'iiiiili  ill  I  1‘i  iiiiii  ( 'nil ri tf lilt,  ili  inniili  ui  isi  in  niiiiini  lii  f rn  ili  Inro  ni  filii 

liiithlli. 

C  O  A  C  L  V  S  /  O  N 

.1/  thi  i  Hil  lif  tlh  htiifittftx  sttliU  ttf  iht  MthlfuKH  t't  utitt'Lt  tf  Uhlt  H  H'tfuhl 
In  iulvi^dhl*  ftir  flu  t'ottfinf.-i  ntifi^ttf  ttihuu  ufJis  Jnnit  tlif  fti'rnt  ('iHtlritHf 
in  { t' t'c.sfi <t  in  nff-llit  rtmti  /»/*  i»/ii  ft$  fit  h*  jtf  njt  *tnii  in nfsti  in 
vii  ti'  ti]  fhr  fu'yii n Iziitifnt  *>j  u  Sm  oiu/  f  aft  t  hnliunnl  (  tiu  ft  n  ncf  on  flu 

Miilintius  tif  Nf/i7- If  A  1(7#  Systtins, 

.1/^*;'  t'*(rii/us  jHtfiiffsofs  it  n'^ts  n/fnitf  ihttf  ihr  .\nfiot*n!  Sttititirus  of  Ifu 
(‘unit  rt  ni  l  shtnild  i  oattu  t  »#iu  nnothtr  un  /A*  ifUovt  mt  ntnnxrfl  tthja  ts. 


